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PREFACE TO THE 25lli ANNIIVSSARy EBiJIQN 

T his 25 th Anniversary Edition of The Heating, VBNtn;,ATCjrG,;AXft%yOj5piTEO^ 0\nE(B is • ■ 
the culmination of a quarter century of effort by the ijn? 

Ventilating Engineers in serving its members and the allied profession and industry. 

In the Silver Anniversary Edition, The Gums 1947 presents an expanded TjK&i^Data Section 
of 912 pages covering theory and current practice in the fields of heating, veatflaStiSig, and air con^ 
ditionmg. Wherever possible, previous text has been improved and condensed to provide additional 
space for new material. All technical data have been carefully reviewed and the same order of 
chapters which appeared previously has been retained. The chapters which received the most critical 
study and revisbn in this 1947 edition are noted in the foUowing paragraphs: 

Chapter 1, Terminology. Many of the terms have been redefined to attain accuracy and clanty. 
Definitions of several useful terms have been added. 

Chapter 3, Thermodynamics, has been enlarged by the addition of a steam table covering the 
pressure range from atmosphenc to 500 psia. 

Chapter 7, Performance of Air Heating and Cooling Coils, is hnuted to fundamentals determining 
performance of coil surface. Practical factors relating to coil selection have been transferred to 
Chapter 25. 

Chapter 12, Physiological Pnnaples, has been edited to include data from past and present Society 
research, as wdd as informatiOQ from recent mvestigations conducted by the armed services on the 
effect of environment upon human comfort and endurance. 

Chapter 13, Air Conditioning in the Prevention and Treatment of Disease, has been subject to 
certain revisions which keep it m accord with current practice 
In Chapter 14, Heatmg Load, the number of aties for which climatological data are given has been 
greatly enlarged. Bands of design temperature, based upon the information given for the various 
aties, are shown on a new outline map of the United States. 

Chapter IS, Cooling Load, has been completely rewntten and includes an enlarged list of dries 
for which summer design conditions are shown. Methods of determining components of heat and 
water vapor gam are given in detail for homogeneous and composite construction. A detailed 
example m determinmg coolmg load is mcluded. 

Chapter 16, Fuels and Combustion, has been enlarged and rearranged for more elective present 
tation of the subject. Formulas for heat losses have been added and several useful charts are induded 
for determining flue gas losses. 

Much of the text and some formulas have been amplified to increase the usefulness of Chapter 20, 
Estimating Fuel Consumption for Space Heatmg. 

Chapter 24, Hot Water Heating Systems and Pipmg, has been revised m order to simplify the 
examples in system design. A formula has been added for determining the si^ of expansion tank 
in a closed system. 

Chapter 25, Radiators, Convectors, Cals, has been greatly expanded by inclusion of information 
on practical factors affecting the selection of coils formerly appearing in Chapter 7* 

Chapter 33, Air Cleaning Devices, has been considerably revised and mcludes additional inform 
mation of particular value for the user of air cleaners. A section has been added to cover the 
subject Methods of Installation. 

Chapter 36, Unit Air Conditioners, Unit Air 
Coolers, Attic Fans, has been largely rewritten and 
contains improved sections referring to the features of 
construction and factors influenemg operation and ap- 
plication of unit equipment. 

Chapter 38, Dehumidificarion by Sorbent Materials, 
has been rewntten to conform to present practice and 
knowledge m the sorbents field. An illustrative exam* 
pie, showing a method of calculating the moisture load, 

18 included 

Chapter 39, Refrigeration, includes a new section 
desenbing the Air Re&igeration Cycle. The section 
referring to Absorption Sjrstems has been simplified 
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lbs8 cbatt ii£ ^ Design, has been extended to include ducts of 

sm^ls&e te i ■ mwiTfiy.m A chart for faahtating correction of fnction loss for 

^j^rottghnesehasbeccadd^./, . ; 

ijwiftcr K^ti^'-Ventilation, Air Conditioning, has been revised thoroughly and 

indud^ new material l^d upon bo^ Navy and merchant marine practice in air conditioning and 
dehumidificatio£i.::T3Tical air conditioning systems for passenger ships are shown diagrammatically. 

In response-to many requests for more detailed data, Chapter SO, Water Services, has been im-' 
proved by the addition of information on design of cold water piping systems. A chart for determining 
friction loss in rough pipe has been added to the previous chart showing friction loss for fairly rough 
pipe. 

Many codes and standards, which were published during the mst year, have been added to 
Chapter SI, Codes and Standards, to provide an up^to^iate and useful list of codes for ready reference. 

A cross index of the Technical Data Section is included immediately following the Table of 
Contents. 

The progress made by The Guide during its 25 years of service and its ability to reflect current 
practice, results from the generous jixxiperation of many Society members, organisations, and indi^ 
vidual authorities, whose public spirited efforts arc rewarded only by the satisfaction derived from 
performing a useful service to the profession and the public. We salute those farseeing members 
who envisioned The Guide and who guided it through its formative years. We pay tribute to the 
work of the former Guide Publication Committees and those contributors who pioneered in cstab* 
lishing this reference data book, which, during its quarter century of service, has received world wide 
recognition and acclaim. To that brilliant group who made The Guide outstanding in previous 
years, we take great pleasure in adding the following names in recognition of their faithful service 
and valuable contributions to this 25th edition* 


P. R. ACHENBAC5H 

J. a ALBRIGHT 
H.S BEAN 
MERRILL BERNARD 

C. B. BRADLEY 
F. aDEHLER 
aw. DRAKE 

E. F. DuBOIS 
J. W, ECKERD 
0. a EUASON 
JOHN EVERETTS, JR. 
J. L FRENCH 
JOHN A GOFF 

N. L. GUPTA 
R.H. HEILMAN 

F. K HICK 

a M. HUMPHREYS 


F. W HUTCHINSON 
8. KONZO 
H K LAND8BERG 
W W LIGB 

D. W. LOUCKS 

D. J. LUTY 

C. 0. MACKEY 
J. W. MARKERT 
w. L McGrath 

E. R McLaughlin 
R. M McQUITTY 
M W.McRAE 

D. W. NELSON 
H. B. NOTTAGE 

F. J. NUNLIST, JR. 

J. S. PARKINSON 


G. V. PARMELEB 
£. R QUEER 

F. J. REED 

K. M. RITCHIE 

H. J. RYAN 

L. 0. SEIGEL 

G. L SIMPSON 
E. T. SMITH 

J P STEWART 
W H SULLIVAN 

G. L. TUVE 
T. H.URDAHL 
L M. VAN DOL PYL 

M. S. VAN DUSEN 
W. J. WARREN 

W. N. WITHERIDGE 
D. K. WRIGHT. JR. 


Among the 241 firms represented in the Catalog Data Section there ate nine leading manufrctuiers 
whose catalog material has appeared m every edition since 1922. The data on the modem equipment 
described, have been carefully edited m an effort to eliminate exaggerated claima or statements and 
should prove to be a helpful supplement to the technical data. 

The Committee releases this Silver Anniversary Edition with the smeere hope that it will be a 
worthy successor to the 24 preceding editions, in advancing the arts of Heating, Vcntilatmg, and 
Air Conditioning. 

GUIDE PUBLICATION COMMITTEE 
T. F. Rockwell, Chairman 

R. C. Cross C. F. Kayan W. M. Wallace, II 

R. S. Dni A. B. Newton C. P. Yaglou 

B. H. Jennings G. H. Tuttle Cyril Tasker, ex^ffiao 

Carl H. Funk, Technical Secretary 
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GODB o;^=®rHICS for ENGINEERS 

E ngineering work has become an increasingly important factor 
’ in the progress of civilization and in the welfare of the community. 
The engineering profession is held responsible for the planning, construc- 
tion and operation of such work and is entitled to the position and 
authority which will enable it to discharge this responsibility and to 
render effective service to humanity. 

That the dignity of their chosen profession may be maintained, it is 
the duty of all engineers to conduct themselves according to the principles 
of the following Code of Ethics: 


1 — The engineer will carry on his professional work in a qjirit of fairness 
to employees and contractors, fidelity to clients and employers, loyalty 
to his country and devotion to high ideals of courtesy and personal 
honor. 

2 — ^He will refrain from associating himself with or allowing the use of his 
name by an enterprise of questionable character. 

3 — ^He will advertise only m a dignified manner, being careful to avoid 
misleading statements. 

4 — He will regard as confidential any information obtained by him as to 
the business affairs and technical methods or processes of a client or 
employer. 

5 — ^He will inform a client or employer of any business connections, in- 
terests or affiliations which might influence his judgment or impair the 
disinterested quality of his services. 

6 — ^He will refrain from using any improper or questionable methods of 
soliciting professional work and will decline to pay or to accept com- 
missions for secunng such work, 

7 — ^He will accept compensation, financial or otherwise, for a particular 
service, from one source only, except with the full knowledge and 
consent of all interested parties. 

S—He will not use unfair means to win professional advancement or to 
injure the chances of another engineer to secure and hold employment. 

9 — He will cooperate in upbuilding the engineering profession by exchang- 
ing general information and experience with his fellow engineers and 
students of engineenng and also by contributing to work of engineenng 
societies, schools of applied science and the technical press. 

10 — ^He will interest himself in the public welfare in behalf of which he will 
be ready to apply bs special knowledge, skill and training for the use 
and benefit of mankind. 
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CUUdum aOoride, m, 680 
Caitenlated iieat loss method, 877 
Caloxie. 2 

Caloiiac value, 295. 299. 800 


CSarbon 
activated. 004 
dioxide. 195. 808, 307. 830 
monoxide, 177. 180. 198 
Castpiion boUere, 889 
Ceiling 

cooling unit, 641 
high. 246 
outleta. 785 
perforated, 785 
unit heater. 491 


Central air oonditkmlng eystems, 791 
air quantity. 806 
apparatus d^pdnt, 800 
li^.pass. 807 
cuissification. 791 
ootttrdL 620 
coo^load. 260. 798 
corrosion. 524 
design. 795 
design procure, 820 
equipment arraiumnent. 818 
equi^ent selection, 816 
evaporative cooling, 818 
fan ssrstem, 2 
iift at feg load, 800 
ind^on units, 799, 812 
hiflh pressure type, 799 
law pressure tWi 799 
modifications, 798 
outdoor air, 797 
pre-oooling, 814 
reheating, 808 
rdation to building. 815 
nm-axonnd, 814 
selection, 816 
sensible cooliiig. 814 
use. 798 
zoning; 810 
Centrifugal 
compressois, 713 
condensing unit, 714 
581 


Gbart 

air fiow and loudness, 788 

area and weight of rectangular ducts, 766 

comfort. 217 

compressor and coil performance. 722 

computed static draft for short chinmeys, 370 

conection for pipe roughness, 750 

^design temperature map, 244 

economical thickness pipe insulation, 541 

effective temperature, 216 

friction air pipes. 749 

friction heads in black iron pipes, 453. 455 

heat emission by radiation from panels, 560 


heat loss 

coefficients insulated ducts, 768 
from body, 204. 212 
insulated pipe, 531. 582, 538 
humidity, 866 

loss of luessure in elbows. 758 
Mollier diagram, 51 

permissible relative humidities for various 
transmission coefficients, 140 
psychiometric chart, persons at i^st, 215 
rectangular equivrients of round ducts, 752 
solar constant, 8 
solar Intensity, 8, 261 
sbund attenuation, 781 
surface oonductanoee, 118, 116 
thickness pipe insulation prevent sweating, 587 
well water temperatures, 660 


Chemical 

laboratory hoods, 852 
reactions, 840 
control oi rate <ff, 840 
vitiation of air, 170, 201 

Ghimn^, chimneys, 361 
characteristics of, 364 
construction details, 372 
determining sizes, BiH 
domestic, 867 
effect. 2 

gas heating, 871 
general omaideratlons for. 375 
performance, 367 
static draft, 861 
Cinders. 173 

Circular equivalents of rectangular ducts, 752 
Circulators. 451, 461 
Cleaning boOere, 352 
Climatic conditions. 240 
Closed expansion tank, 455, 463 
rising formula. 464 

Goal, coals 
anthracite. 295 
bitmuinons, 295 
classification of. 294, 296 
dustiess treatment. 297 
estimating consumption, 377 
firing methods, 806. 308 
lignite. 296 
Codes. 909 
installation, 909 
rating. 909 
testing. 909 


Goeffideats of tranamlssloii, 9, 99, 118, 143 
basement, 139 
floor, 189 
wail, 139 
colls. 143 
doors, 188 

floors and oeUings, 182. 133 
frame construction, 12^ 127 
glass block walls. 138 
masonry partitionB, 131 
masonry walls, 129, 180 
over-all, 118 

formulas for calculating. 114 
roofs, 134, 185, 186, 137 
skyUghts. 188 
windows. 138 

GoU, coils. 476 
air 'flow resistance, 485 
applications, 483 
arrangement, 477 
construction, 477 
diiect*expanaion, 480 
dry cooling, 814 
flow arrangement, 482 
heat emisrion, 469 
heat transfer surface, 14S 
pmformanoe, 143 
(xx>liiig, I'iS 
dehumidification, 145 
heating; 143 
aelectica, 486 

mnltng^ 487 

dehumldffying, 488 
heating, 487 
steam, 479 
water, 479 
Coke 

of, 297 

estimating consumption, 877 
firing meUiods, 810 
Cold therapy, 283 
Color, piping systems, 22 
Column dryer, 860 
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Combustion, 294, 300 
analsrsis, 197 
chamber, 313, 331 
gas, 300, 303. 334 
heat of, 301 
oil. 800. 329 
prinaples of. 294, 319 
rates, 349 
smokeless, 309 

Comfort 
air conditioning, 2 
air conditiomng systems, 791 
chart. 217 
Ime, 2 
2 one, 2 

Commercial oil burners, 326 

Compartment dryer, 863 

Compressor, compressors, 713 
centrifugal, 713 
reaprocatmg, 713 
refrigeration, performance of, 715 
steam jet, 707 

Condensate return pumps, 439 

Condensation 
buildings, 139 
interstitial, 140 
return pumps, 4f0 
surface, 139 

Condensers, 716 
air cooled, 716 
design data, 662 
evaporative, 718 
water cooled, 717 

Condition line, 62, 800 

Conductance, 2, 3, 113 
air space, 116, 122 
building materials, 117 
insulators, 117 


Control, controls (ctmirntted) 
gas burner, 614 
gaa-fired appliances. 403, 614 
hot water supply, 618 
humidity, railway cars, 878 
mdividual rooms, 617 
modulating, 607, 608 
motor, 621 
oil burners, 613 
pilot, 611 

pneumatic systems, 608 
rate of biochemical reactions, 841 
rate of chemical reactions, 840 
rate of arstaUifation, 841 
refrigeration equipment, 617 
compressor type, 617 
ice cooling, 618, 711 
vacuum refrigeration, 618 
well water, 619 
regain, 835 

residential ssnstems^ 612 
eelf-contam^ systems, 607 
service water temperature, 905 
smgle phase motor, 686 
small buildings, 612, 615 
sound, 771 

squirrel'Cage motor, 634 
stoker, 325, 614 
terminology, 611 
two-position control 607 
umt heaters, 615 
unit systems, 615 
unit ventilators, 616 
valves, 416, 450, 453 
ventilator, 166 
sone, 614 
Controllers, 609 
functions, 609 
types, 609 

Convection, 3, 99, 106 
equation, 101 
unit conductances, 105 


Conduction, 3, 00, 113 
diTing methods, 850 
electric heaters, 550 
equation. 100 
steady-state solutions, 109 

Conductivity, 3, 100, 113 
bat type insulation, 119, 124 
buildmg boards, 110, 124 
budding materials, 117, 124 
homogeneous materials, 115 
insulating materials, 119, 124, 530 
insulation blankets, 119, 124 
Insulators, 119, 124, 530 
loose-fill insulation, 120, 127 
masonry materials, 117, 124 
plastering materials, 118, 124 
refleotivt msulation, IbS, 124 
rigid insulation, 119, 124 
roofing construction, 118, 125 
woods, U8, 125 
Conductor, 3 
Conduits for piping, 544 


Controlf controls 
airborne infection, 224 
all year conditioning, 61$. 708 
application, 620 * 
automatic, 408, 607 
fuel appUanoes, 817, 613 
temp^ure, 007 
basic tyj^ 607 
oentralm system, 007, $10 
all year sjmim 607 ‘ 

» cycle, 620 
pUntf 61$ 

oooli*^ 016 

• dehuSUSSc^ 679, m 

i^ipment, 675, 859 

for motors, 62t 


Convector, convectors, 3, 468. 470 
concctlon factor, 472 
heat emission, 468 
heating effect, 473 
heating-up, 474 
ratings, 471 
Converging vanes, 729 
Conversion 
burners, 325, 832 
equations, 15 
Coolers. 041. 650, 720 


GooUng, 260, 641 
air conditionmg umts, 041 
atmospheric water, 650 
coil selection, 148, 476 
evaporative, 813 
56, 260, 798 
methods, 405 
performance of coils, 143 . 
ponds, 664 
residential, 407 
sensible, 814 
spray, 653, 659, 664 
design wet^bulb, 663 
effe(^ of wind, 666 
make-up water, 674 
size of equipment, 662 
winter tremag, 674 
systems, 410, 791 
tower design, 667 
tower performance, 673 
units, o50 

coibponent parU, 641 
control, 61o 
definitions, 641 
d^rosti^, 651 
design, 6ol ^ 
performance, 651 
ratine, 647, 
remote,^ 645, 646 
types of ^ 651 , 

Copper elb^ equlvale^, 45$ 
Cora area, 726 
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Corrosion, 872, 524. 644 
air ushers. 626 
industrial exhaust systems, 858 
pipe, 524 

Cost of au* conditioning, 822 
amortization. 822 
condenser water, 831 
first, 822 
fixed charges. 822 
heating, 832 
instaJkd, 824 
insurance, 827 
maintenance, 822, 829 
owning and operating, 822 
rent, 827 
service, 828 
Crack length 

used for computations, 155 251 
Crystallization 
control rate of, 841 
Cylinder dryer, 860 

D 

Dalton’s rule, 24, 66 
Damper, dampers, 402, 738, 746 
Darcy formula, 77 
Decibel. 771 
Definitions, 1 
Defrosting, 651 

Degree-day, 3, 377 
for aties, 382 
formula for, method, 381 
operatmg umt, 387 
unit fuel consumption, 884 
Degree of satui alien, 8, 37 

Dehumldlficatlon, 659, 675 
air conditioning units. 041 
air washers, 659 
coil selection, 146, 476, 480 
comparison of methods. 679 
control, 679, 890 
definitions and methods. 675 
equipment, 679, 681 
pmormance, 679, 681, 890 
estimatmg loads, 682 
liquid methods, 681 
ships, 800 
solid methods, 679 
Dehumidifying agents, 675 
sorbents, 675 
absorbents, 675 
adsorbents, 675 
Density of air, 3, 26 
Dew-point 

apparatus temperature, 64, 800 
temperature, 8, 54 
Dichlorodifiuoromethane, 688 

Direct 

expansion coils, 480 
fir^ umt heater, 492 
mdirect heatmg unit, 3 
radiator, 7 

return system, 3, 455 
Disc fan. 581 

Distribution of air {see Atr dtstnbviion), 725 

District heating, 543 
automatic control, 553, 554 
glossary of rate terms, 551 
meters, 549 
piping, 543 
conduits for, 545 
inside, 547 

overhead distnbution, 547 
sizes, 534 
tunnels, 546 
types of, 544 
rates. 551 

steam requirement. 387, 551 
utilization, 553 
Diverging vanes, 729 
Domestic oil burners, 325 
Door, doors 

coeffiaents of transmission, 138 
leakage, 154, 157 
natural ventilation, 165 


Down-Feed 
one-pipe nser, 3 
steam heating, 8, 423, 427. 429 
system. 3 

Draft, drafts, 3. 812, 361 
available, 362 
calculations. 361 
control, 313 
factors, 366 
general equation, 362 
head, 3 

mechanical, 361 
natural, 162, 364 
regulation, 313 
requirements, 367, 371 
theoretical, 361 
Drawing symbols, 17 
Dnp, dnps, 4, 444 
Drum dryer, 863 

Dry air, 1, 26 
composition, 170, 301 
density, 26 
filteis, 599 
properties of, 24 
velocity head, 747 
Dry-bulb temperature, 8 
Dry coolmg coils, 644, 814 
Dry return, 7 

Dryer, dryers 
agitated, 863 
compartment, 863 
cylinder, S63 
drum, 803 
festoon, 863 
high temperature, 871 
md action, 863 
rotary, 863 
spray, 863 
tower, 863 
tunnel, 863 
vacuum. 863 
Dryer calculations, 866 

Drying, 840, 859 
calculations, 866 
control, 866 

biochemical reaction, 841 
chemical reaction, 840 
crystallization, 841 
static electricity, 842 
design, 868 

estimating methods, 873 
factors influencing, 8C4 
general rules for, 864 
air circulation, 866 
humidity, 864 
temperature, 864 
humidity, 864 
mechamsm of, 861 
methods, 859 
conduction, 860 
convection, 860 
estunating, 873 
radiant heat, 859 
omissions in the cycle, 8G2 
radiant, 562 
systems, 562 
ventilation phase, 870 
Dual duct, 811 

Duct, ducts, 391, 403, 747 
air velocities in, 402, 750, 847, 848 
approaches to outlets, 737 
attenuation, 770 
construction details, 7C3, 854 
design, 747 
details, 763 
dual, 811 

elbow fnction losses, 758, 85C 

fnction losses. 748 

heat loss coeffiaents, 765, 7GS 

heat losses, 765 

lining, 777 

measurement of veloaties, 194 
noise transmitted, 773 
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Duct, Ducts (cotUinueil) 
proportioning the losses, 757 
ledrculating, 396. 309, 40a 
lectangular equivalents of round, 751 
resistance, 748, 855 
roughness correction, 750 
side outlets, 738 
sound absorbers, 777 
symbols for drawing, 18 
system design, 391, 404, 747 

Duct sizes, 741, 757 
air veloaties, 402, 758, 783, 847. 853 
equal fnction, 760 
general rules, 767 
mam trunk, 759 
velocity method. 769 

Dust, 4, 170, 844 
collectors, 697, 860 
combustible, 179 
concentrations, 174 
determination, 190 
filters, 697 

precipitators, 509, 850 

Dynamic head, 5 


chaxi, 210 
diffeienco. SOb 
indcic, 212 
h^jector nobles, 734 
Klbow 

attenuation, 770 
copper equivalents, 153 
inction losses. 4 16, 453, 856 
iron equivalents, 416, 453 

Lvlectric, electrical 
boilers, 558 
control systems. 607 
heaters, 656 
conduction, 556 
gravity convection, 656 
radiant, 556 
iteating, 555 
auxiliary, 501 
calculating capacitiCwS, 502 
central ian, 657 
control, 601 
definitions, 555 
domestic water, 500 
4 dements, 555 
power problems, 561 
resistors, 555 

hot water heating, 550, 500 
pamd heating, 566, 505, 570 
precipitators. 599, 856 
radiant heating, 550, 565, 570 
icsistors, 555 

unit Jieaters, 492, 405, 557 
Electricity, static, 842 
Electronic heating, 502 
Emissivity, 122. 568. 575 
fuctois, 103, 575 
Enclosed radiator, 470, 175 

Enthalpy, 4, 25, 70 
free, 4 

specific, 4, 25 
hmtiana' loss, 757 
Entropy, 4, 25, 61 
nibcing, 51 

ICquivalcnt cvapoiatioii, 1 
Estimating fuel consumption, 377 
Eupatheoscope, 197, 578 

Evaporative 
conden8(‘rs, 718 
cook^, unit conditioners, 648 
cooling, 813 
Evaporators, 718 


Encess air, 304, 830 
Exhaust opening, 739 
measuiement of velocities, 191 

Exhaust systunis, S44 
air flow nicasurcment, S16 
classification of, 814 
collectors, 856 
corrosion, 857 
duct construction, 854 
duct design. 853 
duct velocity, 854 
ducts for. 853 

air veloaties in, 853 
construction, 854 
design, 853 
resistance, 855 
dust filters, 595, 856 
efficiency of, 857 
hoods, 8^15 
air flow, 849 
air velocities, 849 
axial velocity formula for, 849 
chemical laboratories, 852 
design principles, 845, 847 
kitchen. 852 
large open, 850 
lateral exhaust. 851 
low velocity systems, 850 
spray booths, 851 
veloaty contours, 850 
rate of flow, 8 18 
resistance of, 866 
suction requirements, 846 
types of fans, 858 
veloaty reciuircments, 847 

Expansion 
t actor, gases, 88 
ot pipe, 446, 466, 512 
oiifici* plates, 90 
lank si'e, 463 
tanks, 45.5, 463 
valves. 702, 719 

F 

Fan, fans, 351, 581 
arraiigenient ot diives, 591 
attic, 611, 051 
location, 651 
types, 651 
axhd flow. 581 
centrifugal. 581 
characteristic curves, 58 1 
contiol, 592 
designations, 590 
efliciency, 583 
fuinacc system, 401 
motive powei, 59.3 
noise generated, 690, 775 
IX'rforraance, 581 
radial flow, 581 
scdectlon of, 689 
air conditioning systems, 500 
mdustnal exhaust systems. 817 
spewed, 582, 583 
system characteristics, 587 
volume control, 592 
Fanning formula, 77 
E'cbtoon dryci, 803 
ft'ever therapy, 23 1 
equipment for proiluction of. 232 
Film conductance. 113, L44 
coefficient, 140, 147 

Filter, filters, 354, 505 
air conditioning units, 645 
dry air, 599 
dust, 595, 856 
mstiUlation, 603 
perfoimajice, COO 
selection, 002 
testing, 600, 910 
viscous automatic, 598 
viscous impingement types 697 

Fitting, 393, 406, 508 
pipe allowanqc, 406, 416, 453 
types of, 393, 304, 406, 515 
Flame temperature. 300 


E 

EDK (Equivalent direct radiation) 7, 348, 415, 417. 
418, 420 

defined, 7. 348, 420, 469 

Effective temperature (it** Temperature) 9, 211, 
212 
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Gas, gases, 176, 177, 180 
burner controls, 614 
chimneys for heating, 371 
classificatioa of, 299 
combustion of, 303, 313, 334 
estimating consumption, 380, 38-1 
expansion factor, 88 
speufic heat, 5, 23 

Gaseous fuels 
classification of, 299 
combustion of, 303, 313 
flame temperature, 300 
maximum carbon dioxide values, 300, 304 
products of combustion, 300 
properties of, 300 
spe^c gravity. 300 
theoretical air requirements, 300, 302 

Gas-fired appliances, 332 
boilers. 332 

combustion process, 334 
controls, 332, 614 
conversion burners, 333 
furnaces, 332 

measurement of efGiaency of combustion, 333 
ratings for. 335, 356, 357 
sizing heating plants, 336 
space heaters, 333 

Glass 

coefiiaent of transmission, 138 
heat absorbent. 269 
shading of, 270 

solar heat transmitted, 264, 265 

Glass block walls 
coeffiaent of transmission, 138 
solar heat gam, 272 
Globe thermometer, 197, 473, 579 
Graphical symbols for drawings, 17 
duct work, 17 
heatmg. 20 
pipmg, 17 
reingeratmg, 21 
ventilating. 20 
Grate area, 4. 349 
Greek alphabet, 15 

Grille, grilles (see Registers), 391. 393. 101, 726 
air supply noises, 783 
attenuation, 776 
exhaust, 399, 402, 739 
locations, 739 
door, 744 
floor, 744 
wall, 744 

mechamcal furnace systems. 401 
noises. 733, 783 
railway car, 876 
recirculating, 396, 739 
return, 393, 396, 406 
selection, 784 
velocity, 739 

Ground temperatures, 249 

Guarded hot plate, 196, 107 
Gun type oil burners, 326 


Flexible mountings, 78G 
Float trap, 443 
Floor 

cooling unit, 051 

heat transfer coefficients, 132, 139 
umt heater, 404 
Flow 

coefficients, orifices, 85. 87 
compressible fluids. 80 
critical, 83 
measurement 
liquids, 91 
onficcs, 92 
Pitot tube, 95, 192 
steam, 89 
Flow meters, 549 
Flue gas loss, 305 307 
Fluid flow, 76 
theory, 75 
Fluid meters, 549 
Fog, 4. 171 
Force, 4 
Forced 

air heatmg system, 401 
curculation pipe sizes, 459, 461, 463 
convection, 102, 143 
Free 

convection, 101 
enthalpy, 4 

Friction loss 
air ducts, 747, 749 
circular pipes. 77 
elbows, 416, 453, 753, 805 
non-circular pipes, 79 
water heating, 453, 464, 455 
water piping. 896, 897 

Fuel, fuels, 204 
burning eqmpment, 817, 339 
classification, 204, 297, 299 
consumption, 377 
load factor, 390 
maximum demands, 389 
seasonal <^aency, 389 
imit consumption, 384 
utilization, 364 

Fuel oil, 299 
carbon residue, 298 
classification of, 290 
combustion of, 303, 329 
grade of, 298 

maximum carbon dioxide values, 304, 330 
theoretical air requirements, 308 
viscosity, 208 
Fumes, 4, 170 

Fundamentals heat transfer, 99 

Furnace, furnaces, 4, 339, 353 
capacity, 856, 356 
casings. 359 
desi^, 323, 358 
efficiency, 368 
fan, 364 

gas-fired units, 332 
gravity warm air systems, 391 
heating surface, 856 
heavy duty, 365 

mechanical warm air systems, 401 
controls, 403 
coolmg methods, 406 
cooling system, 410 
dampers, 402 
ducts, 403 
fans, 354 
filters, 354 

method of designing, 401 
motors, 854 
oil-fired units, 329 
rating, 366 
steel, 355 

stoker-fired units. 318 
volume. 4, 324 

G 

Gage, gages 
^t, 190 
pressure. 6, 190 
Garage ventilation, 1G8 


K 

Hangers pipe, 514 
Hay fever symptoms, 234 
Heat, 6 

area transmitting surface, 904 
auxiliary sources, 264 
balance, 305 

combustion, 299, 300, 301, 303 
emission of 
appliances, 284, 287 
occupants. 204. 212, 213, 214. 282, 566 
exchange measurements, 107 
flow resistance, 107 
flow through roofs, 260, 272, 276, 277 
flow through walls, 126, 272, 376, 277 
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Heat (conitnued) 
gam, 267, 282 

generated by motors, 254, 287 
humid, 5 

infiltration equivalent, 251 
introduced by outside air, 282 
latent, 5, 252 
liquid. 5 

mechamcal equivalent of, 6, 15 
methods of, transfer, 09 
radiant, 6G5 

removal, natural ventilation, 163 
sensible, 5, 261, 801 
factor. 802 
specific, 5, 23 
transfer, 99, 113, 143 
boiler rates. 341 

over-all coefficients, 114, 143, 469 
surface coils, 7, 476 
symbols. 13, 113 

through building matenals, 113, 250, 260 

Heat gain, 260, 267 
appliances, 260, 284 
components of, 260 
electneal heating equipment. 284 
gas burning equipment, 285 
glass, 264, 270 
glass blocks, 272 
latent, 261, 802 
light, 254 
occupants, 282 
outside air, 282 
people, 212, 282 
roof, 272, 275 
sensible, 260, 802 
shaded vdndows, 271 
solar, 261. 264 

steam heated equipment, 285 
various sources, 254, 287 
wall, 260. 272 

Heat loss 
bare pipe,4C9, 527 
basement, 249 
duct. 765 
infiltration, 251 
insulated pipe, 520 
latent, 252 
pipe, 527 

residence problems, 255 
sensible, 251 

through ceihngs and roofs, 250 
transmission, 250 

Heater, heaters 
direct-fired unit, 492 
electric, 402 
solar water, 906 
unit, 401 

vertical blow unit, 404 
Heating 

air conditioning units, 041 
boilers, 339 
surface, 2, 341 
coil selection, 180 
district, 5*13 

domestic water by electricity, 500 
effect, radiator, 473 
electric, 555 
hot water, 560 
load, 230. 800 
l)crform»ince of coils, 143 
radiant Mathanl IleaUng), r)(S5 
steam systems, 411 
surface, 2 
sciuare foot of, 7 
symbols for dmwing, 17 
up the radiator, 474 
vacuum systems, 9, 429 
vapor, 9, 425 

warm air system. 10, 391, 401 
water, 803 

Heavy duty fan furnace, 355 
High duty humidifiers. 057 
Hood, hoods, 845 
iIor8i‘powcr, boiler, 2 


Hospital, hospitals 
air conditioning in. 227, 229, 335 230 
operatmg rooms, 227 
air conditions, 229 
reducing explosion hazard. 227 
sterilization of air, 224, 231 
ventilation requirements, 231 

Hot water 

boiler supply load, 347, 899 
demand per 
fixture, 894, 901 
person, 900 
electnc heating, 555 
heating surface, 004 
methods of heatmg, 901 
panel heatmg, 565 
radiant heating, 565 
solar heaters, 906 
storage tank, 899 
supply 

boilers, 340. 560, 902 
piping, 898 

temperature control, 905 

Hot water heating systems, 5, 451 
classification, 453 
direct return system, 456 
elbow equivalents, 453 
expansion tank, 464 
forced circulation, 451, 459 
friction heads, 451 
gravity, 461, 458 
available head, 451 
circulation, 451 
pressure heads. 452 
installation details, 466 
mechanical circulators, 451, 460 
one-pipe 

forcra circulation, 463, 461 
gtavity circulation, 453, 460 
orifice fiiction heads, 457 
pipe S17CS, 451, 453, 466 
forced circulation, 451, 461 
gravity circulation, 451, 400 
piping design, 458 
pressure head, 452 
revenw‘d return system, 455 
systems of pipmg, 465 
t\\o-pu>c 
forced, 463, 463 
gravity, 453, 462 
zoning, 400 

Human body 
acclimatization, 200 
adaptation, 206 
cold conditions, 200 
hot conditions, 209 
iic-at emission, 205, 207, 213, 506, 568 
high temperatiia* hazards, 207 
metabolir rates, 214 
odors, 201, 203 
temix'raturc, 204 

zone of evaporative regulation, 20,3 
Humid heat, 5 

Humidification. 403, 055 
control, 403, 009, 010 
mechaiucnl furnace systems, 350, 403 
residence requirements. 101. 403 

Humidifier, humidifiers 
nir washer, 053, 05,3 
atomizing, 657 
high duty, 057 
spmy, 045, 060, 057 
unit, 491. 506 
Humidify, 5 

air conditioning units, 04X 
Humldistat. 5, 610 

Humidity, 5 
absolute, 5 
drying, ^4 
mlluencc of, 212 
measurement of, 195, 891 
nurseries for premature infants, 230 
licnnissible relative, 139, 140 
ratio, 5, 25 
relative, 6, 07 
llydniulic radius, 104 
Ilygrostut, 5, 610 
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I 


Ice systems, 710 
Impulse trap. 444 
Inch of water, 6 
Induction dryer, 863 
Induction units, 812 
high pressure types, 813 
low pressure types, 812 

Industrial 
air conditioning, 833 

exhaust systems {ste Inhaust systems), 844 
hunudities, 836 
process, 836 
temperatures, 836 

Infiltration 
causes, 153 

due to wind pressure, 153 
heat equivalent, 251 
heat losses, 251 
latent, 252 
sensible, 251 

temperature difference, 158 
through outside doors, 157, 158 
through walls, 154 
through windows, 154, 155, 156, 157 
Infiammability, 180 
Inside temperature, 245 
Instruments, 185 

Insulation, 5, 527 
duct, 765, 892 

economical pipe thickness, 539, 540, 541 
gravity furnace duct, 391 
low temperature pipe, 537 
pipes to prevent freezmg, 538, 539 
ship, 891 

imderground pipe, 540 
Intermittently heated buildings, 254 
Interstitial condensation, 139, 140 
Isobanc, 5 
Isothermal, 5 


r-K-L 

Joints, duct, 748, 763, 764, 765 
B[ata-^ermometer, 193, 473 

Latent heat, 5, 252, 803 
loss, 252 

Laws of thermod 3 mamics, 9 
Leaders, 391 

Leakage of air, 153 
door, 154, 157, 158 
wmdow, 154, 155, 166, 157 
Light heat gam. 287 
Lignite, 295 
Lint, 596 
Liquid 

absorbents, 680, 681 
heat of, 5 

Lithium chloride. 675 
Load 

coolmg, 61, 260, 798 
design, 5, 346, 347 
heating, 239, 736, 800 
maximum, 5, 346, 347 
refrigeration, 260 


M 


Marine heating, ventilation, air conditioning 

{atnUwud) 
shower, 886 
storeroom. 887 
toilets, 886 
washroom, 886 
Mass, 6 
Mb. 458 
Mbh, 458 

Mean radiant temperature, 565, 573 


Meter, meters, 549 
condensation, 549 
differential, 550 
flow, 549 

Nicholls' heat, 197 
oniice, 96. 549 
velocity, 549 
venturi, 193 
Metering liquids, 91 
Metering steam, 89 
Methyl chlonde, 687, 690 
Micromanometers, 191 
Micron. 6 
Mist, 171 
Moist air, 24 
saturation, 25, 37 
volume, 25 


Moisture, 838, 864 
content, 838 

loss per person, 204, 207, 213 
permeability, 288 
regain, 835, 839 
Mol, 6 

Mollier diagram, 51, 53 
Monofluorotnchloromethane. 693 

Motor, motors, 354, 621 
adjustable speed. 626 
altematmg current, 628 
capacitor type, 633 
classification, 622 
compound wound, 624 
constant speed. 625 
control. 625, 635, 636, 637, 638 
control equipment for, 621, 625, 635 
direct current, 624 
electric, 621 
enclosures, 639 
gear, 639 
glossary, 639 
heat generated by, 287 
polyphase, 628 
ratmg, 621 

repulsion induction, 633 
series wound. 625 
shunt wound, 624 
single phase, 633, 634 
specifications, 627, 630, 634, 636 
speed characteristics, 626, 628, 631 
spht phase, 634 

squirrel cage induction, 635, 637 
synchronous, 629 
wound rotor, 629, 636 
Multiblade fans, 587 


Natural draft, 861 
towers, 665 

Natural ventilation, 161 
general rules, 167 
beat removal, 163 


Machine vibration, 786 
Manometer, 6, 190 

Marine heating, ventilation, air conditioning, 
883 

factors affectmg design, 884 
general considerations. 883 
msulation of hull, 892 
ducts, 892 

requirements for space, 885 
bakery, 887 
bath. 886 
cargo, sSl 
food handling, 887 
galley, 887 
laundry, 887 
living, 885 


Noise, noises 
air conditionmg system, 771 
air supply openmg, 783 
apparatus for measuring, 772 
controlling vibration, 786 
cross transmission between rooms, 785 
design room level, 774 
duct sound absorbers. 777 
duct system attenuation, 776 
generated by fans, 775 
kinds of, 773 
levels. 774 

through building construction, 786 
transmitted through ducts. 773 
unit of measurement. 771 
Nozzle flow, 82, 85 
Nozzle installation, 96 
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Nur&erle« for premature infants, 230 
air conditioning equipment, 231 
air conditioning requirements, 230 


o 

Odors, 175. 201, 203 
human body, 201, 202 

Oil, oils 

classification of, 29S 

combu stion of, 300, 303, 329 

estinia'tiag consumption. 877, 385 

OUbruroers, 325 
boLler settmgs, 331 
classification, 320 
combustion adjustments, 330 
combu stion process, 829 
controls, 332, 613 
domestic. 325 
far nace design, 330 

me asurement of efficiency of combustion, 380 
nechaziical draft, 325 
operating requirements. 329 

One-pii>e system, 421 
gravity alr-vent, 421 
hot. water, 453, 460 
steam, 6,421 
supply riser, 6 

unat heater connection, 446, 499 
vapor, 425 

Opening, openings 
sr supply noises. 783 
staclca. 167 
types of, 105 
doors, 165 

roof ventilators, 165, 106 
skyli|[hts, 105 
winciovre, 165 

Operating rooms, 227 
conditmens. 229 

redudexs explosion hazard, 227 
steTilL; ation of air in, 224, 229. 231 

Operative temperature, 207, 566 

Orlficce 

discharge, 80 
flow, 32, 85 
heatins systems, 432 

Orsat apxiaratus, 197 

Outdoor air, 797 


Outlet, cutlets 

air supply noises, 783 
ccUiug, 735 
duct approaclics, 737 
sound absorbers, 777 
Outlet locations, 736, 744 
cooling: load, 786 
hefitIn«load. 730, 744 
Outside tcmpemtuie, 230, 240 
Overtieod distribution, 547, 898 
Ovcrlicad system, 0, 647 
OxjTgrcn 

cliombots, 236 
ti‘nU :235 
therapy, 235 
Ozone, 203« 


p 


Panel heating, 565 

calculottion pnnciplcs, 670 
clectiics, 570 
Int. wetter, 560, 570 
stoiim, 570 
vannsur, 508 
Paiu‘l mcllotor, 0 
I^arUclc size cliart, 172 
l>erccot of saturation, 37 
Ptiifonted ceilings, 735 
Perforated outlets, 734 
Phon, 773 

Physical impurities m air, 203 


Physiological principles, 201, 507 
Pilot controls, 611 


Pipe coils, 469 
heat emission, 469 
waU, 409 

Pipe, piping, 411, 508 
capaaty, 413, 414, 415, 434 
coil connections, 448 
commercial dimensions, 509, 510, 511 
conduits for, 545 
connection to heatmg units, 446 
corrosion, 524 

design, hot water ssrstem, 458 
forced circulation, 459 
gravity, 458 

one-pipe forced circulation, 461 
one-pipe gravity arculation, 460 
two-pipe forced circulation, 463 
two-pipe gravity circulation, 462 
economical thickness insulation, 539, 540, 641 
expansion, 512 
fittings, 509 
fitting equivalent, 416 
^xibility, 512 
hangers, 514 
heat losses, 527 

hot water heatmg systems, 458 
mside, 647 

msulation prevent freezing. 538. 539 
leader sues, 395 
low temperature msulation, 537 
materials, 508 

overhead distribution, 423, 431, 547 
proportiomiig wall slacks, 395, 404 
recirculating grilles, 396, 407 
refrigerant sizes, 703, 704, 705 
icgistcr selections, 302, 401 
return connection, cold air, 394 
return ducts, 393, 404 
sizes, 413 

high picssurc steam, 434 
hot water forced circulation, 461, 463 
hot water gravity circulation, 460, 462 
indirect heatmg units, 420 
maximum velocity, 415 
one pipe riser, 417 
onfice systems. 432 
pressure drop, 414, 417 
sub-atmosphcric systems, 431 
tables tor, 413, 414, 415, 434 
two-pipe riser, 417 
two-pipe vapor systems, 427 
vacuum systems, 429 
water supply systems, 895, 898 
steam distribution, 643 
steam heating systems, 411 
supports, 514 
symbols for drawing, 17 
tax. 347 

thread connections, 514, 617 
threads, 514 
tunnels, 540 

underground msulation, 540, 545 
unit heater connections, 499, 500 
water supply, 803, 805, 808 
Pitot tubes, 05, 192 
Plate cell, 780 
I*lenum absorbers, 779 
Plenum chamber, 0 
Pneumatic control systems, 608 

Pollution of air, 170 
Polyphase motors, 628 
Ponds, 604 
Potentiometer, 6 
Power, 6 

Precipitators, 590 
Pr^cooling, 703, 814 
Premature mfant nurseries, 230 

Pressure 
absolute, 0 
atmospheric, 1 
gages, 190 

loss, water supply piping, 806, 897 
measurement, 189 
barometer, 180 
regulators, 437, 546 
static, 7 
tups, 80 
total, 7 
vapor, 7 
velocity, 7 
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Piime surface {see Heating surface), S 
Propeller fan, 6S1 
Psychrometer, 7, 34 
Psychrometric chart, 215 

Pump, pumps 
condensation return, 439 
mechanical arculators, 451, 458, 450, 4C0, 461. 
462. 468 

vacuum heatmg, 440, 441 
controls, 442 
piston displacement, 442 
PsTometer, 7, 189 
optical. 189 
radiation, 189 


R 


Radial flow fan, 581 
Radiant drying. 5C2 

Radiant heating, 565 
apphcation methods, 568 
calculation prmaples, 677 
control, 579 
electric, 667 

hot water, 569, 570, 576 
mean radiant temperature, 565, 373 
measurement of. 578 
objective, 667 

operative temperature, 666, 579 
steam. 570 
warm air, 568 
Radiation, 7 
angle factor, 103 
equation. 103 
load, 347 

Radiator, radiators, 7, 468 
codes, 471, 911 
conc^ed, 470 
connections. 446, 447 
correction factor, 472 
direct. 7 

effect of paint, 472 
enclosed, 475 
gas-fired, 334 
heat emission of, 468 
heating effect, 473 
heating up, 474 
output of, 468 
panel, 6 

ratings, 468, 471 
recessed, 7, 475 
tube, 468 
types of, 468 
warm air, 334 

Railway air conditioning, 875 
air distnbution, 876 
humidity control, 878 
summer systems, 877 
temperature control, 878 
ventilation, 875 
winter systmna, 877 
Reaprocatmg compressors, 713 
Recooling, 793, 794, 810 
Rectangular duct equivalents. 751, 753 
Reducing valves, 436, 437, 546 
Reflective insulation, 116, 123 

Refrigerant, refrigerants, 7, 686, 687 
ammonia, 691 
carbon diomde, 692 
dichlorodifiuoromethane, 688 
feeds, 480, 481 
methyl chloride, 690 
monochlorodihuoromethane, 689 
monofiuorotrichloromethane, 693 
pipe sizes, 703 
water. 693 

Refrigeration, 686 
absorption systems, 708 
compression systems, 715 
condensers (see Condensers), 716 
control, 617 

equipment selection, 722 
expansion valves, 702, 719 
ice systems, 710 
load, 260 


Refrigeration (continued) 
mechanical, 686 
reverse cycle, 561, 711 
storage systems, 711 
symbols for drawing, 21 
ton of, 7 

types of compressors (see Compressors), 713 
Regain. 835, 838 
control of, 835 
hygroscopic materials, 839 

Register, registers, (see Grilles), 393, 395, 402, 725 
air supply noises, 783 
mechanic^ furnace systems, 401 
noises, 733, 742, 783 
railway car. 876 
selection. 392. 399, 401 
Reheat. 810 

Reheating, 793, 794, 808, 810 
Relative humidity, 5, 68 
measurement of, 195 
Repulsion mduction motors, 633 


Residence 
control systems, 612 
air conditiomng. 613 
coal-fired heating plant, 613 
domestic hot water supply, 613 
cooling methods. 407 
gravity furnace systems, 391 
heat loss problems. 255 
hot water heating system, 451 
mechanical furnace system, 401 
steam heatmg system, 411 
Resistance thermometers, 188 
Resistors, 555 
Return 
grille. 893 

Triflin g, S 

openings, 394, 402, 730 
Reverse cyde refngeration, 561, 711 
Reversed return system, 8, 456 


Roof, roofs 

heat flow through, 272, 275, 277 
time lag of solar radiation, 280 
ventilators, 165, 166 


Room 

air motion, 731 
control, 609, 615 
cross transmission, noise, 785 
latent heat, 802, ^3 
noise level, 774 
operatmg, 227 
sensible heat, 802, 803 
Rotary dryer, 863 
Rotary oil burner, 827 
Run-around system. 814 


s 


Saturated air, 1, 37 
Saturation, 8 
degree of, 8, 37 
pressure, 6 

Secondary air, 311, 312, 314 
Sectional boiler. 339 
Self-contained 
control systems, 607 
humidifiers, 657 
umt conditioner, 641 
Sensible cooling, 814 
Sensible heat, 802, 803 
faaor, 802, 803 
gain, 282, 284. 287, 291 
loss, 251 

Sheet metal gages, 764, 765 

Ship air conditioning Marine), 883 
heating, 884 
ventilation, 884 
Sliunt wound motors, 024 
Sihea gel. 075, 676 
Silicon dioxide, 076 
Single phase motois, 033 
Slotted outlets, 734 
Smoke, 8, 171 
abatement, 174 
density measurements, 198 
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Smokeless arch, 8 
Smokeless combustion, 174, 312 

Solar heat 
absorbed by glass, 2G9 
through shaded windows, 271 
time lag. 280 
transmission of, 201, 264 
transmitted through glass, 264, 269, 270 
transmitted through walls, 276, 277 
Solar ladiation 
absorption of, 175 
Solar water heater, 906 
Soot. 314 
Sorbents, 675 
absorbents. 675. 680. 681 
adsorbents. 675, 677, 679 

Sound (see Noise) 
absorbers. 777 
attenuation, 776, 777 
control. 771 

cross transmission between rooms, 785 
general problem, 772 
duct absorbers, 777 
levels, 774 

outlet absorbers, 780 
Space heaters, 333 
Specific 

enthalpy, 4, 24. 25, 69 
dry air, 25. 52 
water vapor, 4 
entropy, 4, 38 
gravity, 5 
heat, 5, 23 
gases, 23 
hquids, 23 
8^d8.23 
vapors, 23 
volume, 10 
air. 25, 26 
water vapor, 38 
Split system, 8 
Splitter dampers, 402 


Spray 

apparatus, 653 
booths, 851 
cooling, 659 
cooling ponds. 664 
cooling towers, 665 
distribution, 657 
dryer, 863 
equipment, 650 
generation, 656 
humidifiers, 057 
type unit, 656 
unit air conditioner, 645 
Spread, air distribution. 729 
Square foot of heating surface, 8 
Squeeze damj^ers, 402, 738, 746 
Squirrel-cage induction motor. 633 

Stack, stacks, 165, 167 
height, 8 
wall, 305 


Steam (contin-ued) 
heating systems, 411 
condensate return, 411, 439 
corrosion, 524 

dowm-iced two-pipe vapor, 427 
gravity one-pipe air-vcnt, 421 
gravity return, 411 
high pressure steam, 435 
mechanical return, 411 
one-pipc vapor, 425 
orifice, 432 
piping for. 411 
sub-atmospheric, 431 
two-pipe vapor, 426, 427 
vacuum 420 

jet t 3 rpe of compressor, 707, 723 
panel heating, 565 
pipe capaaties, 413-415, 434 
radiant heatmg, 565 
requirements, 651 
runout, 423 
superheated, 8 
traps, 442 
Steel boilers, 340 
Sterilization of air. 225 

Stoker, stokers, 317 
classification of, 317 
combustion adjustments, 323 
combustion process, 319 
controls, 325, 606 
furnace design. 323 
mechanical. 317 
overfeed flat grate, 319, 322 
overfeed mchned grate, 319, 322 
sizing and ratmgs, 324 
underfeed. 318 
rear cleaning, 319 
side deanmg, 319 
Storage refrigeration system, 711 
Sub-atmosphcnc systems, 431 
Summer air conditionmg system. 410 
Summer comfort, 217 
Superheated steam, 8 
Supply mains, 8 
Supply openings, 401, 734 
measurement of velocities, 194 
types of, 734 
Supports, pipe, 514 

Surface 

condensation, 139 
conductance. 2, 113, 120 
coeifioents, 121 
cactemal pipe, 520 
heating, 8 
extended, 8 
temperature, 188, 359 
Suspended unit heater, 4»)4 

Symbols, 11. 12 
ductwork, 18, 19 
for drawings, 17 
heat transfer. 1 13 
heating. 20 
piping, 17 
refrigerating, 21 
ventilating, 20 


Standard, standards, 009 
air distribution, 780 
atmosphere, 71 
Standard air, 1 
Static 

electricity elimination, 842 
pressure, 7 
control, 010 

Steady flow, energy equation, 69, 70 
enthalpy, 70 

gravitational energy, 70 • 
heat and sliaft work, 70 
kmctic energy, 69 

Steam, 8 

coils, 479 

distribution piping, 543 
estimating consumption, 387 
flow, 413, 432 
heated equipment, 285 
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Tables 

air changes, 158 

air conditioning temperatures and humidities, 836 
air requirements, 203 
air. volume of, 20 

altitude, pressure and temperature, 72 
anthracite, sifc, 297 
area flanged fittmgs, 530 
attenuation between grille and room, 777 
formula, lining board, 780 
m straight ducts, 775 
of elbows, 776 

averam maximum water main temperatures, 668 
black body radiation. 107 
boiler ratings, 342, 343 
capacity constants 
blow-through unit heaters, 496 
draw-through unit heaters, 497 
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Tables (cotUtnuedi 
carbos dioxide maximum, 300 
cdling temiperature, 246 
circular equivalents of rectansular ducts, 753 
classification of 
coals, 206 
motors, 622 

climatic conditions, 240, 262 

coal dassification, 296 

combustible elements and oompotmds, 302 

combustion air requirements, 300, 302, 803 

combustion rates, 349 

conduction problen^ 109 

conductivity materials, 101, 117, 680 

cooling coil arrangements, 477 

copper elbow equivalents, 463 

con^on resistance, 367 

degree-days for cities, 882 

design dry- and wet-buSb temperatures, 262, 268 

draft requirements of appliances, 371 

dryers for evaporation of water, 863 

duct attenuation, 776 

dust oonoentration, 174, 178 

elbow attenuation, 776 

emissivity factors, 106 

end reflection, 779 

environmental conditions, limits, 210 
exhaust pipes for machmes, 848 
factors i^uendng drying, 864 
fitting dimensions, 516 
flame temperature data, 300 
flammability cf gases and vapors, 180 
free convection, 102 
factors, 103 
fuel oil pFopexties. 298 
fumes, concentration, 178 
gaseous fuel properties, 300 
heat flow walls and roofs, 275 
heat gain 
appliances, 284 
gW 268, 270 
glass blocks, 272 
insulated cold pipes, 636 
heat loss 

bare copper pipe, 528 
bare steel pipe. 528 

heat transmission, 127, 528, 630, 586, 905 
127 

hot water demand. 900, 901 
hot water pipe sizes, 454, 456 
hunudities, industnal air conditioning, 836 
infiltration through outside doors, 157 
infiltration through walls, 164 
infiltration through windows, 156 
inflammability, gases, 180 
inside temperatures, 245 
insulation factors, 534 
iron elbow equivalents, 453 
maximum allowable concentrations 
dusts, fumes, mists, 178 
dusts. 178 
metabolic rate, 214 

minimum outdoor air requirements to remove 
odors, 203 

moisture content for materials. 836, 889 
noise levels, 774 
orifice capa^es, 433 
particulate matter, size, 172 
permeability to vapor, 288 
physiological response 
to gases and vaiKirs, 177 
to heat, 208 

pipe dimensions, 608, 610 
pressure loss 
refrigerant line, 703 
return intake, 739 
properties of 
air, 26 

ammonia, 691 
carbon dioxide, 692 
dichlorodifluoromethane, 688 
fuel oil, 298 
gaseous fuels, 300 
methyl chlonde, 600 
moist air, 26 

monofluorotrichloromethane, 698 
steam, 60 
water. 88, 693 
radiation, black body, 107 
radiation factors, 106 
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Tables (conttnued} 
radiator sizes, 469 
ratio of specific heats, 81 
regam of hygroscopic materials, 839 
relation between metabolic rate and activity. 214 
requirements for fuel oil, 298 
return pipe capacities, 418, 419. 436 
screen mesh, 178 
shading effect, 271 
sheet metal gages for ducts, 765, 767 
ship practice, ^ 
smoke chart numbers, 198 
sol-air temperature, 278, 274 
solar radiatiom 264, 265, 268, 269, 280 
specific heat of compressible fluids, 81 
Specific heat of solida liquids, gases, 23 
steady-state conduction problems, 109 
steam consumption of buildings, 388 
steam pipe capacities, 414, 415, 417, 425, 434 
summer design conditions, 261, 262 
temDcraturea industrial air conditioning, 886 
theoretical air requirements, 300, 302, 308 
thermal conducti^ty, 101, 109 
thermal convection conductance, 105 
thermodynamic properties 
moist air, 26 
water, 38 
time iaft 280 
transmSsivity, glass, 265 
unit conductance. 106 
uut fuel consumption, 884 
velocity, return intake, 789 
water, properties, 38 
water requirements, 894, 900, 901 
wei^t of air, 26 

Tank, Vntilra 
expansion, 456, 468 
Tax, pipe, 342, 846 

Temperature, temperatures 
absolute, 8 
attic, 247 

automatic control 607 
basement, 249 
heated. 249 
unheated, 249 

control for railway passenger cars, 878 

control service water, 905 t 

design wet<bulb, 663 

design zone map, 244 

dew-point, 56 

dry-bulb, 8 

drying, 863 

effe^, 0. 212, 214, 215, 246, 566 
ground, 240 
hazards, 207 
indus^al, 833 
inside, 246 
ceilings, high, 246 
proper level, 245 
mean radiant, 218, 566. 673 
measurement, 186 
thermocouple, 187 
thermometers, 185 
operative, 666 
outside, 239 
surface, 188, 869 
thermodynamic wet-bulb, 54 
unheated spaces, 248 
water main, 658 
wet-bulb, 9 

Termlnolo^, 1 
Test methods, 909 
Therapy 
col£ 233 
fever, 231 
oxygen, 285 

Thermal 
conductance, 118 
conduction equation, 100 
conductivity, 118 
convection, 101 
convection equation, 101 
expansion of pipe, 612 
interchanges of body. 204 
radiation equation, 108 
resistance, 7, 118 
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Thennal (continued) 
resistivity, 7, 113 

steady-state conduction problems, 109 
transmittance, 260 

unit conductances for convection, 105 
Thermocouples, 187 
Thermodsmamics, 24 
air and water mixture, 24 
laws of, 9 

web>bulb temperature, 54, 655 


Thermometers, 185 
alcohol, 185 
dry-bulb, 212 
globe, 197, 478, 579 
Kata, 198, 197 
mercurial, 185 
resistance, 188 
stem correction, 185 
web-bulb, 196, 212 


Thermostat, 9, 609 
room, 609 

Time lax through walls and roofs, 280 
Ton of refrigeration, 7 
Total heat, 5 
Total pressure, 7 

Tower, towers 
cooling, design, 667 
cooling, performance, 673 
mechanical draft, 666 
natural draft, 665 
spray cooling, 665 
Tower dryer, 860 


Transmission 
heat losses, 250 
normal heat, 250 
solar heat, 201, 264 
Transmittance, thermal, 9 
Transportation air conditioning, 875 

Trap, trails, 442 
automatic return, 444 
bucket, 448 
float. 443 
impulse, 443 
steam, 8 

thermostatic, 443 
tilting, 444 

Traveling-grate stoker, 319, 821 
Treatment of disease, 224 
Tube radiator, 7 
Tunnel dryer, 863 
Tunnels, pipe, 546 
Turning vane, 738 
Two-pipe system, 9 


u 

Ultra-Violet liflht. 175, 203, 226 

Underfeed stoker, 318, 320, 821 
Underground pipe insulation, 540 
Unheated space temperatures, 218 


Unit, units, 9 
air cleaners, 596 
air conditioners, 641 
application, 649 
cooling, 641 
dehumidifying; 045 
Alters, 645 
humidifying, 641 
ratings, 647 
types of, 641 
air coolers, 050 
defrosting, 651 
design, 651 
perfonnanoe, 651 
ratings, 651 
types of, 651 
alrflltm595 
British thermal, 2 
direct-indirect heating, 9, 601 


Unit, units (conhntud) 
fuel consumption, 881. 384, 385, 386 
heaters, 491 
application, 492 
boiler capacity, 501 
capacity factors, 496, 497 
control, 615 
direct-fired, 491 
electric, 491, 492, 495, 557 
pipmg connections, 499 
ratings, 493 
suspended, 494 
temperatures, 495 
types of, 491 
humidifiers, 506 
types of, 506 
induction, 812 
noise measurement, 772 
systems, 491, 641 
ventilators. 501 
air exhaust vents, 505 
applications, 504 
capacity, 503 
control, 616 
ratings, 501 
window, 506 
Unitary eQuipment, 491 
defimtions, 491 


V 


Vacuum 

coohng unit, 707, 708 
heating pumps, 429, 440 
contrm, 440, 442 
piston displacement, 442 
heating system, 9, 429 
down-feed, 429 

unit heater connection, 460, 500 
Vacuum dryer, 863 

Valve, valves, 522 
angle, 450 

automatic, 522, 523, 524 
check, 522, 523 
control, 450 
expansion, 702, 719 
gate, 522 
globe, 522 

reducing pressure, 436 

Vane, vanes, 728, 726 
Vaned outlets, 734 


Vapor, vapors, 171 
heating system, 10 
unit heater connection, 499 
pressure, 7 

Vaporizing oil burner, 828 
Velocity, 10 

exhaust intakes, 789, 846 
hood, 849 

method duct design, 758 
pressure, 7 

return grilles, 402, 730 
warm air duct, 401 


Ventilation, 10 
air conditioning units, 041 
dairy bam, 168 
garage, 168 
hospitals, 220, 286 
natural, IGl 
general rules, 167 
passenger bus in summer, 879 
railway passenger car, 875 
ship, 884, 886 
symbols tor drawings, 20 
systems, 791 
wind forces, 161 


VontUator, ventilators 
control, 166 
roof, 165, 166 
unit, 601 
control, 616 
window, 606 

Vertical blow unit heater, 491 
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Vertical opening 159 
sealing ot, 159 
Vibration machine, 786 
Viscous filters, 697 
automatic, 698 
impinsemeztt, 597 
Vitiation of air, 201 
Volume 
control, 811 
furnace, 813 
specific, 10 

w 

Wall, walls 

heat flow through, 272, 275, 277, 281. 282 
heat tiaj^er coefiSicieiits, 113, 126. 127, 129-131, 
138. 139 

infiltration through, 154 
time lag of solar radiation, 280 

Warm Air 

gravity heating system, 301 
combination carrying capacity, 395 
design procedure, 894, 396 
furnace capacity, 355, 356, 399 
installation practice, 891, 392, 400 
standardizea combinations, 394 
mechanical heating system, 401 
automatic control, 403 
cooling methods, 405 
cooling system design, 410 
dampers, 402 
design procedure, 404 
duct veloatles, 402 
ducts, 747 

fans, 354. 401, 408, 404, 410 
filters, 354, 401, 404 
furnace, 853, 391 
heavy duty, 355 
selection, 356. 399 
humidification, 359 
motors, 854 

registers and gtilles. 392, 401 
paxml heating, 568 
radiant heatizig, 568 
radiators. 334 

Washer, washers, 653 
air. 1, 653 

Water 

atmospheric cooling equipment, 659 
coils, 476. ^ 

control temperature service^ 905 
cooled 

condenser, 717 


Water {continued) 
corrosion treatment, 524 
heater 

coal-fired, 902 
solar, 906 
heating, 893 
make-up, 674 

maximum, main temperature, 658 
propertira of, 38, 686 
supply piping, 895, 898 
arrangement, 899 
thamodynamic properties of, 37 
well, temperatures, 660 

Water vapor, 24, 67 
saturation pressure, 25 
Specific enthalpy, 4 
specific volume, 10, 38 

Weldinfi, 508, 519, 520 

Wet-bulb temperature (sec Tmpeyaiure), 9, 663 

Wet return, 7, 411 

Wind, winds 
forces, 161 

due to stack effect, 162 
natural draft equipment. 666 
selection of, velocity. 252 

Window, windows 

comments of transmission, 138 
leakage, 153, 154, 155, 156, 157 
solar radiation throush. 264 
ventilators, 506 

Winter 

air conditioning system, 791 
comfort zone, 317. 218 
freezmg, eqmpment, 674 

Wound rotor motor, 629 

Wrought-iron pipe, 508 

Wrought-ateel pipe, 508 

it-v-z 

Year ’round air conditioning system^ 618, 619, 
791 

Zone control, 614 

Zone of evaporative regulation, 204, 206 

Zoninfi, 810 
control, 614 
dual duct, 811 
multiple fans, 811 
recooUng, 810 
reheat, 810 

separate equipment, 810 
v(»ume control, 811 
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CHAPTER 1 



Absolute Zero: The zero from which absolute temperature is reckoned. Ap- 
proximately —273.2 C or —459 8 F. 

Absorbent: A sorbent which changes physically or chemically, or both, during 
the sorption process 

Absorption: The action of a material in extracting one or more substances present 
m an atmosphere or mixture of gases or liquids; accompanied by physical change, 
chemical change, or both, of the sorbent. 

Acceleration : The time rate of change of velocity i e., the derivative of velocity 
with respect to time. In the cgs system the unit of acceleration is the centimeter per 

(second) (second), in the fps system the unit is the foot per (second) (second) a « . 

Acceleration Due to Gravity: The rate of p^ain in velocity of a freely falling body, 
the value of which varies with latitude and elevation. The international gravity standard 
has the value of 980.665 cm per (second) (second) or 32 174 ft per (second) (second) 
which is the actual value of this acceleration at sea level and about 45 deg latitude 

Adiabatic: An adjective descriptive of a process sucli that no heat is added to or 
taken from a substance or system undergoing the process. 

Adsorbent: A sorbent which does not change physically or chemically during the 
sorption process. 

Adsorption : The action, associated with surface adherence, of a material in extract- 
ing one or more substances present in an atmosphere or mixture of gases and liquids 
unaccompanied by physical or chemical change. Commercial adsorbent materials have 
enormous internal surfaces 

Aerosol : An assemblage of small particles, solid or liquid, suspended in air. The 
diameters of the particles may vary from 100 microns down to 0 01 micron or less, 
e.g, dust, fog, smoke. 

Air Cleaner: A device designed for the purpose of removing air-borne impurities 
such as dusts, gases, vapors, fumes and smokes. (Air cleaners include air washers, air 
filters, electrostatic precipitators and charcoal filters.) 

Ai r Conditioning ; The simultaneous control of all or at least the first three of those 
factors affecting both the physical and chemical conditions of the atmosphere within 
any structure These factors include temperature, humidity, motion, distribution, 
dust, bacteria, odors and toxic gases, most of which affect in greater or lesser degree 
human health or comfort. (See Comfort Air Conditwning,) 

Air, Dry: In psychrometry, air unmixed with, or containing no, water vapor. 

Air, Saturated: A mixture of dry air and saturated water vapor, all at the same 
dry-bulb temperature. 

Air, Standard: Air with a density of 0.075 lb per cubic foot and an absolute vis- 
cosity of 1,22 X lO"^ lb mass per (foot) (second). This is substantially equivalent to dry 
air at 70 F and 29 92 in. (Hg) barometer. 

Air Washer: An enclosure in which air is drawn or forced through a spray of water 
in order to cleanse, humidify, or dehumidify the air. 

Anemometer: An instrument for measuring the velocity of a fluid. 

Aspect Ratio: In air distribution outlets the ratio of the length of the core of a 
grille, face or register to the width. 

In rectangular ducts the ratio of the width to the depth. 

Atmospheric Pressure: The pressure due to the weight of the atmosphere. It is 
the pressure indicated by a barometer. Standard Atmospheric Pressure or Standard 
Atmosphere is the pressure of 76 cm of mercury having a density of 13 5951 grams per 
cubic centimeter, under standard gravity of 980.665 cm per (second) (second). It is 
equivalent to 14.696 lb per square inch or 29.921 in. of mercury at 32 F. 

Baffle: A surface used for deflecting fluids, usually in the form of a plate or wall. 

Blast Heater: A set of heat transfer coils or sections used to heat air which is drawn 
or forced through it by a fan. 
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Blow (throw) : In air distribution, the distance an air stream travels from an outlet 
to a position at which air motion along the axis reduces to a velocity of 60 fpm. 

For unit heaters, the distance an air stream travels from a heater without a perceptible 
rise due to temperature difference and loss of velocity. 

Boiler Heating Surface: That portion of the surface of the heat-transfer apparatus 
in contact with the fluid being heat^ on one side and the gas or refractory being cooled 
on the other, in which the fluid being heat^ forms part of the circulating system; this 
surface shall be measured on the side receiving heat. This includes the boiler, water 
walls, water screens, and water floor. Power Test Codes, Series 1929.) 

Boiler Horsepower: The equivalent evaporation of 34.5 lb of water per hour from 
and at 212 F. This is equal to a heat output of 970.3 X 34.6 « 33,476 Btu per hour, 

British Thermal Unit: Classically the Btu is defined as the quantity of heat 
required to raise the temperature of 1 lb of water 1 Fahrenheit degree. By this definition 
the exact value depends upon the initial tempj^ture of the water. Several values of 
the Btu are in more or less common use, each differing from the others by a slight amount. 
One of the more common of these is the mean Btu which is defined as 1/180 of the heat 
required to raise the temperature of 1 lb of water from 32 F to 212 F at a constant 
atmospheric pressure of 14.696 lb per square inch absolute. 

For most acciuate work the InternaUoftal Table Qi.T.) Btu is usually used. This is 
defined by the relation: 1 (I.T.) Btu per (pound) (Fahrenheit degree) * 1 (I.T.) 
calorie per (gram) (Centigrade d^ee). This value corresponds to the amount of heat 
required to raise the temperature of 1 lb of water 1 Fahrenheit degree at 68 F and also at 
149 F. The mean Btu corresponds to 1.0008 (I.T.) Btu. 

By-Pass: A pipe or duct, usually controlled by valve or damper, for conveying a 
fluid around an dement of a system. 

Calorie (Gram Calorie): Classically the calorie is defined as the quantity of heat 
required to raise the temperature of 1 gram of water 1 Centigrade degree. By this 
dennition the exact value depends upon the initial temperature of the water. Several 
values of the calorie are in more or less common use, each differing from the others by a 
slight amount. Among these are the 15 C calorie and the 17H C calorie. The mean 
calorie, i.e. 1/100 the quantity of heat required to raise the temperature of 1 gram of 
water from 0 C to 100 C, is al^ extensively used. 

For the most accurate work the International Table (I.T.) calorie, defined in terms 
of the international electrical units, is usually used: 1 (I.T.) calorie « 1/860 inter- 
national watt-hour « 3,600/860 international watt-seconds or international joules. 

The kilocalorie ■>1,000 cal. 

Central Fan System : A mechanical indirect system of heating, ventilating, or air 
conditioning, in which the air is treated or handled by equipment located outside the 
rooms serv^, usually at a central location, and is convey^ to and from the rooms by 
means of a fan and a system of distributing ducts. (See Chapter 43.) 

Chimney Effect: The tendency of air or gas in a duct or other vertical peissage to 
rise when heated due to its lower density compared with that of the surrounding air or 
gas. In buildings, the tendency toward displacement (caused by the difference in tem- 
perature) of internal heated air by unheated outside air due to the difference in density 
of outside and inside air. 

Comfort Al r Cond ItlonI ng : The process by which simultaneously the temperature, 
moisture content, movement and quality of ue air in enclosed spaces intended for 
human occupancy may be maintained within required limits. (See Air Conditioning,) 

Comfort Line: The effective temperature at which the largest percentage of adults 
feels comfortable. 

Comfort Zone {,Average)i The range of effective temperatures over which the 
majority (60 per cent or more) of adults feel comfortable. (See Chapter 12.) 

Condensate: The liquid formed by condensation of a vapor. In steam heating, 
water condensed from steam; in air conditioning, water extracted from air, as by con- 
densation on the cooling coil of a refrigeration machine. 

Condensation : The process of changing a vapor into liquid by the extraction of 
heat. Condensation of steam or water vapor is effected in either steam condensers or in 
dehiunidifying coils and the resulting water is called condensate. 

Conductance, Surface ( Vnit)i The amount of heat transferred by radiation, con- 
duction, and convection from unit area of a surface to the air or other fluid in contact 
with it, or vice vwaa, in unit time for a unit difference in temperature between the 
surface and the fluid. The common unit is: Btu per (hom*) (square foot) (Fahrenheit 
degree). Symbol /. ^e temperature of the fluid should be taken in a plane sufficiently 
•ii — 4. Kv thfi^ temoerature of the surface. 
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^ Cond uetanee, Thermal : The time rate of heat flow through unit area of a body, of 
riven size and shape, per unit temperature diflFerence. Common unit is: Btu per (hour) 
(square foot) (Fahrenheit degree). Symbol C. 

Conduotion, Thermal: The process of heat transfer through a material medium 
in which kinetic energy is transmitted by the ^rtides of the material from particle to 
particle without gross displacement of the particles. 

Conductivity, Thermal : The time rate of heat flow through unit area of a homo- 
geneous substance under the influence of a unit temperature gradient. Common units 
are: Btu per (hour) (square foot) (Fahrenheit degree per inch). Symbol k. 

Conductor, Thermal: A material which readily transmits heat by means of 
conduction. 

Convection : The motion resulting in a fluid from the differences in density and the 
action of mvity. In heat transmission this meaning has been extended to include both 
forced and natural motion or circulation. 

Convective Heat Transfer: The transmission of heat by either natural or forced 
motion of a fluid (liquid or gas). 

Convector; An agency of convection. In heat transfer, a surface designed to 
transfer its heat to a surrounding fluid largely or wholly convection. The heated 
fluid may be removed mechanically or by gravity (Gravity Convector). Such a surface 
ma3^ or may not be enclosed or conceal^. When concealed and enclosed the resulting 
device is sometimes referred to as a concealed radiator. (See also definition of Radiator^ 
also Chapter 25.) 

Decibel: A unit used to express the relation between two amounts of power. By 
definition the difference in decibels between two powers Pi and P», P 2 being the larger, is 

p 

db difference — 10 logic 

In acoustics the threshold of hearing at 1,000 cycles ]per second has been standardized 
at 10“^ watts per square centimeter. If Pt Is the power in watts per square centimeter of 

a measured sound, then 10 logic ^ difference above the threshold and 

is known as the intensity level. This is a definite recognized way of describing the intensity 
of a sound. 

Deg ree-Day : A unit, based upon temperature difference and time, used in estimating 
fuel consumption and specifying nominal heating load of a building in winter. For any 
one day, when the mean temperature is less than 65 F, there exists as many degree-days 
as there are Fahrenheit degrees difference in temperature between the mean temperature 
for the day and 65 F. 

Dehumldlfy ; To reduce, by any process, the quantity of water vapor within a given 
space. 

Dehydrate: To remove water in all forms from matter. Liquid water, hygroscopic 
water, and water of crystallization or water of hydration are included. 

Density; The ratio of the mass of a specimen of a substance to the volume of the 
specimen. The mass of a unit volume of a substance. When weight can be used without 
confusion, as synonymous with mass, density is the weight of a unit volume of a sub- 
stance. 

Dew-Point; See Temperature^ Dew-Point, 

Direct- Indirect Heating Unit: A heating unit located in the room or space to be 
heated and partially enclosed, the enclosed portion being used to heat air which enters 
from outside the room. 

Di rect- Return System {Hot Water) ; A hot water system in which the water, after it 
has passed through a heating unit, is returned to the boiler along a direct path so that 
the total distance traveled by the water is the shortest feasible, and so that there are 
considerable differences in the lengths of the several circuits composing the system. 

Down-Feed One-Pipe Riser {Steam): A pipe which carries steam downward to the 
heating units and into which the condensate from the heating units drains. 

Down -Feed System {Steam): A steam heating system in which the supply mains 
are above the levri of the heating units which they serve. 

Draft: A current of air. Usually refers to the pressure difference which causes a 
current of air or gases to flow through a flue, chimney, heater or space. 

Draft Head {Side Outlet Endosure) : The height of a gravity convector between the 
bottom of the heating unit and the bottom of the air outlet opening. {Top Outlet En- 
closure): The height of a gravity convector between the bottom of the heating unit and 
the top of the endosure. 
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Drip : A pipe, or a steam trap and a pipe considered as a unit, which conducts con- 
densation from the steam side of a piping system to the water or return side of the system. 

Dry: To separate or remove a Kquid or vapor from another substance. The liquid 
may be water but the term is also used for the removal of liquid or vapor forms of other 
substances. 

Dust: An air suspension (aerosol) of solid particles of any material. (See also 
Chapter 10, p. 170.) 

Enthalpy: A term used in lieu of total heat or heat content. Expressible in Btu per 
pound. Mathematically defined 2 i&h ^ u pv ! J. When a change occurs at constant 
pressure, as when water is boiled, the change in enthalpy is equal to the heat added, in 
this case latent heat. 

Enthalpy, Free: A thermodynamic property which serves as a measure of the 
available energy of a system with respect to surroundings at the same temperature and 
same pressure as that of the system. No process involving an increase in available 
energy can occur spontaneously. 

Enthalpy, Specific: A term sometimes applied to enthalpy per unit weight, the 
English unit being Btu per pound. 

Entropy : The ratio of the heat added to a substance to the absolute temperature 
at which it is added. Mathematically, for a reversible process, 

dS^^orS’r.J'M 

These formulas are applicable when temp^ture is not constant. During a reversible 
adiabatic change entropy is constant. During a reversible isothermal change the heat 
absorbed by the substance is equal to the product of the absolute temperature of the 
substance and its change of entropy. 

Entropy, Specific: A term sometimes applied to entropy per unit weight, the 
English unit being Btu per (Fahrenheit degree, absolute) (pound). 

Equivalent Evaporation : The amount of water a boiler would evaporate, in pounds 
per hour, if it received feed water at 212 F and vaporized it at the same temperature 
and corresponding atmospheric pressure. 

Fan Furnaoe System: See Warm Air Heating System. 

Fog : Suspended liquid droplets generated by condensation from the gaseous to the 
liquid state or by breaking up a liquid into a dispersed state, such as by splashing, 
foaming, and atomizing. (See also Chapter 10, p. 171.) 

Force: The action on a body which tends to change its relative condition as to 
rest or motion. 

Fumes: Smoke; aromatic smoke; odor emitted, as of flowers; a smoky or vaporous 
exhalation, usually odorous, as that from concentrated nitric acid. The word fumes is 
so broad and inclusive that its usefulness as a technical term is very limited. Its principal 
definitive characteristic is that it implies an odor. The terms vapor, smoke, fog, etc., 
which can be more strictly defined, should be used whenever possible. 

Also defined as solid particles generated by condensation from the gaseous state, 
generally after volatilization from molten metals, etc., and often accompanied by a 
^emical reaction such as oxidation. Fumes flocculate and sometimes coalesce. (See 
also Chapter 10, p. 170.) 

F u rnace : That part of a boiler or warm air heating plant in which combustion takes 
place. Also a complete heating unit for transferring heat from fuel being burned to the 
air supplied to a heating system. 

Furnaoe Volume (Total): The total furnace volume for horizontal-return tubular 
boilers and water-tube boilers is the cubical contents of the furnace between the grate 
and the first plane of entry into or between tubes. It therefore indudes the volume 
behind the bndge wall as in ordinary horizontal-return tubular boiler settings, unless 
manifestly ineffective (i.e , no ^ flow taking place through it), as in the case of waste- 
heat boilers with auxiliary coal furnaces, where one part of the furnace is out of action 
when the other is being u^. For Scotch or other interflally fired boilers it is the cubical 
contents of the furnace, flues and combustion chamber, up to the plane of first entry into 
the tubes. {A.S.MH. Power Test Codes, Series 1929.) 

Grate Area: The area of the grate surface, measured in square feet, to be used in 
^timating the rate of burning fuel. This area is construed to mean the area measured 
in the plane of the top surface of the grate, except that with spedal furnaces, such as 
those having marine feed, or special shapes, the grate area shall be the mean area of 
the active p^ of the fuel bed taken perpendicular to the path of the gases through it. 
For furnaces having a secondary grate, such as those in double-grate down draft boilers, 
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the effective area shall be taken as the area of the upper grate plus one-eighth of the area 
of the lower grate, both areas being estimated as previously defined. 

Gravity, Specific: The ratio of the mass of a unit volume of a substance to the 
mass of the same volume of a standard substance at a standard temperature. Water at 
39.2 F is the standard substance usually referred to. For gases, dry air, at the same 
temperature and pressure as the gas, is often taken as the standsird substance. 

Gravity Warm Air Heating System : See Warm Air Heating System, 

Head, Dynamic: Same as Total Pressure expressed in height of liquid. 

Heat: The form of energy that is transferred by virtue of a temperature difference. 
At constant pressure heat added is equal to enthalpy change. 

Heat, Humid: Ratio of increase of enthalpy per pound of diy air to rise of tem- 
perature under conditions of constant pressure and constant humidity ratio. 

Heat, Latent: A term used to express the energy involved in a change of state. 

Heat, Sensible: A term used in heating and cooling to indicate any portion of heat 
which changes only the temperature of the substances involved. 

Heat of the Liquid : The increase in enthalpy per unit weight of a saturated liquid 
as its temperature increases from a chosen base temperature. For water the base tem- 
perature is usually taken as 32 F. 

Heat, Specific: The heat absorbed (or given up) by a unit mass of a substance 
when its temperature is increased (or decreased) 1 deg. Common Units: Btu per 
(pound) (Fahrenheit degree), calories per (gram) (Centigrade degree). For gases, both 
specific heat at constant pressure (Cp) and specific heat at constant volume (Cv) are 
frequently used. In air-conditioning, Cp is usually used. 

Heat, Total: See Enthalpy. 

Heat Transmission, Coefficient: Any one of a number of coefficients used in the 
calculation of heat transmission by conduction, convection, and radiation, through 
various materials and structures. (See thermal conductance, thermal conductivity, 
thermal resistance, thermal resistivity, thermal transmittance, etc.). 

Hot Water Heating System: A heating system in which water is used as the 
medium by which heat is carried from the boiler to the heating units. 

Humidify: To increase, by any process, the density of water vapor within a given 
space. 

Humidistat; A reralatory device, actuated by changes in humidity, used for the 
automatic control of relative humidity. 

H um id ity : Water vapor within a given space. 

Humidity, Absolute: The weight of water vapor per unit volume, pounds per 
cubic foot or grams per cubic centimeter. 

Humidity, Relative: The ratio of the actual partial pressure of the water vapor 
in a space to the saturation pressure of pure water at the same temperature. (See dis- 
cussion in Chapter 3.) 

Humidity Ratio: In a mixture of water vapor and air, the weight of water vapor 
per pound of dry air. Also called Specific Humidity, 

Humidity, Specific: See Humidity Ratio. 

Hygrostat; Same as Humidistat. 

Inch of Water: A unit of pressure equal to the pressure exerted by a column of 
liquid water 1 in. high at a standard temperature. The standard tem^rature is some- 
times taken as 0 C and sometimes as 62 F. One inch of water at 62 F =* 5.197 lb per 
square foot. 

Insulation {Thermal): A material having a relatively high resistance to heat flow, 
and used principally to retard the flow of heat. 

Isobario: An adjective used to indicate a change taking place at constant pressure. 

Isothermal: An adjective used to indicate a change taking place at constant 
temperature. 

Load, Estimated Design: In a heating or cooling system, the sum of the useful 
heat transfer plus heat transfer from or to the connected piping plus heat transfer 
occurring in any auxiliary apparatus connected to the system. The units are Btu per 
hour or, in heating, equivalent direct radiation (EDR). The unit EDR is becoming 
obsolete. 

Load, Estimated Maximum : In a heating or cooling system, the calculated maxi- 
mum heat transfer that the system will be called upon to provide. 
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Manometer: An instrument for measuring pressures; essentially a U-tube partially 
filled with a liquid, usually water, mercury, or a light oil, so constructed that the amount 
of displacement of the liquid indicates the pressure being exerted on the instrument. 

Mass: A measure of the inertia of a body. It also measures the quantity of matter 
in a body. Since the only g^eral property of a given portion of matter that cannot be 
changed is its inertia, it is this prop^y by which quantities of matter are defined. Two 
bodies which have equal inertias are said to have equal masses or to conteun equal 
quantities of matter. (This definition fails at velocities approaching the velocity of 
light.) The mass of a body is numerically equal to the ratio of the force required to give 

the body a given acceleration to the acceleration, m *■ . The common units of 

mass are the gram and the pound. 

Mechanical Equivalent of Heat: The quantity of mechanical ener^ equal to 
one unit of heat. J =■ 778.3 ft-lb per Btu « 4.187 X 10^ ergs per gram-calorie. 

Medium, Heating: A substance such as water, steam, air or furnace gas used to 
convey heat from the boiler, furnace or other souce of heat or energy to the heating unit 
from which the heat is dissipated. 

Micron : A unit of length, the thousandth part of 1 mm or the millionth of a meter. 

Miliimeter of Mercury: A unit of pressure equal to the pressure exerted by a 
column of mercury 1 mm high at a temperature of 0 C. One millimeter of mercury at 
0 C » 1.934 X 10"* lb per square inch. 

Moi : A weight of a substance numerically equal to its molecular weight. If the 
weight is in pounds the unit is a Found Mol, in grams the unit is a Gram Mol. For 
perfect gases the volume of 1 mol is constant for all gases at the same temperature and 
pressure. For real gases this is approximately true at moderate pressures. At 32 F and 
zero-pressure the value of the product, pressure times specific volume, is 359.045 =*« 0.006 
atmosphere cubic feet (atm ft*), for 1 mol of any gas. For dry air at 32 F and standard 
atmospheric pressure, tJie specific volume is 358.^ cu ft per mol (ft* per mol). 

One-Pipe Supply Riser — (Sleam): A pipe which carries steam vertically to a heat- 
ing unit and which also carries the condensate from the heating unit. In an upfeed 
system steam and condensate flow in opposite directions; in an overhead or down-feed 
system they flow in the same direction. 

One-Pipe System — (Steam): A steam heating system in which a single main serves 
^e dual pujTXise of supplying steam to the heating unit and conveying condensate from 
it. Ordinarily to each heating unit there is but one connection which must serve as both 
the supply and the return, although separate supply and return connections may be 
used. (Hot Water) — ^A hot water system in which the cooled water from the heating 
units is returned to the supply main. Consequently, the heating units farthest from the 
boiler are supplied with cooler water than those near the'boiler in the same circuit. 

Overhead System ; Any steam or hot water system in which the supply main is 
above the heating unit- In a steam system the return must be below the heating units; 
in a water system the return may be above or below the heating units. 

Panel Heating: A heating system in which heat is transmitted by both radiation 
and convection from panel sunaces to both air and surrounding surfaces. 

Panel Radiator: A heating unit i>laced on or flush with a flat wall surface and in- 
tended to function essentially as a radiator. 

Plenum Chamber: An air compartment maintained under pressure and connected 
to one or more distributing ducts. 

Potentiometer: An instrument for comparing small electromotive forces or for 
measuring small electromotive forces by comparison with a known electromotive force. 
Its principal advantage is that during the measurement no current flows through the 
source of electromotive force. 

Power: The rate of performing work. Common units are horsepower, Btu per hour, 
and watts. 

Pressu re : Force per unit area. Common units are pounds per square inch, gram per 
square centimeter, inch of water, millimeter of mercury. 

Pressure, Absolute: The sum of the gage pressure and the barometric pressure. 

Pressure, Gage: Pressure measured from atmospheric pressure as a base. Gage 
pressure may be indicated by a manometer which has one leg connected to the pressure 
source and the other exposed to atmospheric pressure. 

Pressure, Dynamic: Same as Total Pressure. 

Pressure, Saturation : The saturation pressure for a pure substance for any given 
temperature is that pressure at which vapor and liquid or vapor and solid can co-exist 
in stable equilibrium. 
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Pressure, Static; The normal force per unit area that would be exerted by a moving 
fluid on a small body immersed in it if the body were carried along with the fluid. Practi- 
cally, it is the normal force per unit area at a small hole in a wall of the duct through 
which the fluid flows (piezometer) or on the surface of a stationary tube at a point where 
the disturbances created by inserting the tube cancel. It is supposed that the thermo- 
dynamic properties of a moving fluid depend on static pr^ure in exactly the same 
manner as those of the same fluid at rest depend upon its uniform hydrostatic pressure. 

Pressure, Total: In the theory of the flow of fluids; the sum of the static pressure 
and the velocity pressure at the point of measurement. 

Pressure, Vapor; The pressure exerted by a vapor. If a vapor is kept in confine- 
ment over its liquid so that the vapor can accumulate above the liquid, the temperature 
being held constant, the vapor pressure approaches a fixed limit called the maximum, 
or saturated, vapor pressure, dependent only on the temperature and the liquid. The 
term vapor ^assure is sometimes used as synonymous with saturated vapor pressure* 

Pressure, Velocity: In a moving fluid, the pressure capable of causing an equivalent 
velocity if applied to move the same fluid through an orifice such that all pressure 
enei^gy expended is converted into kinetic energy. 

Psych rometer: An instrument for ascertaining the humidity or hygrometric state 
of the atmosphere. 

Psych rometrlc; Pertaining to psychrometry or the state of the atmosphere with 
reference to moisture. 

Psychrometry: The branch of physics relating to the measurement or determination 
of atmospheric conditions, particularly regarding the moisture mixed with the air. 

Pyrometer: An instrument for measuring high temperatures. 

Radiant Heating: A heating system in which only the heat radiated from panels 
is effective in providing the heating requirements. The term Radiant Heating is fre- 
quently used to include both Panel and Kadiant Heating* 

Radiation: The transmission of energy by means of electromagnetic waves. 

Radiation, Thermal (Heat) Radiation: The transmission of energy by means 
of electromagnetic waves of very long wave length. Radiant energy of any wave length 
may, when absorbed, become thermal energy and result in an increase in the temperature 
of the absorbing body. 

Radiation, Equivalent Direct (jSDR, Steam): That amount of heating surface 
expressed in square feet, which will deliver 240 Btu per hour, under the design operating 
conditions. (fiDR, Hot Water): That amount of heating surface, expressed in square 
feet, which will deliver 150 Btu per hour, under the design operating conditions. Thus, 

1 sq ft of EDR does not imply 144 ^ in. of heater surface, but means a heat delivery of 
240 (or 150) Btu per hour for each EDR of a given radiator or convector. 

Radiator: A heating unit exposed to view within the room or space to be heated, 
A radiator transfers heat by radiation to objects within visible range and by conduction 
to the surrounding air which in turn is circulated by natural convection; a so-called 
radiator is also a convector but the single term radiator has been established by long 
usage. 

Radiator, Concealed: A heating device located within, adjacent to, or exterior to 
the room being heated but so covered or enclosed or concealed that the heat transfer 
surface of the device, which may be either a radiator or a convector, is not visible from 
the room. Such a device transfers its heat to the room largely by convection air currents. 

Radiator, Direct: Same as Radiator. 

Radiator, Recessed : A heating unit set back into a wall recess but not enclosed 

Radiator, Tube or Tubular; A heating unit used as a radiator in which the heat 
transfer surfaces are principally tubes. 

Refrigerant; A substance which produces a refrigerating effect by its absorption 
of heat while expanding or vaporizing. 

Refrigeration, Ton of; The removal of heat at a rate of 200 Btu per minute, 12,000 
Btu per hour, or 288,000 Btu per 24 hours. 

Resistance, Thermal: The reciprocal of thermal conductance. Symbol R* 

Resistivity, Thermal ; The reciprocal of thermal conductivity. Symbol r. 

Return, Dry; A return pipe in a steam heating system which carries both water of 
condensation and air. The dry return is above the level of the water line in the boiler 
in a gravity system. (See Return^ Wet.) 

Return, Wet: That part of a return main of a steam heating system which is filled 
with water of condensation. The wet return usually is below the level of the water line 
in the boiler, although not necessarily so. (See Return^ Dry.) 




Return Maf ns: Pipes or conduits which return the heating or cooling medium from 
the heat tranter unit to the source of heat or refrigeration. 

Reversed-Return System : A system in which the heating or cooling niedium from 
several heat transfer units is returned along paths arranged so that all circuits com- 
|)osing the system or composing a major sub-division of the system are of practically equal 

Saturation: The condition for co-existence in stable equilibrium of a vapor and 
liquid or a vapor and solid phase of the same substance. Example: Steam over the 
water from which it is being generated. 

Saturation, Degree of, or Per Cent: The ratio of the weight of a given volume 
of water vapor to the weight of an equal volume of saturated water vapor at the same 
temperature. 

Smoke: An air suspension (aerosol) of particles, usually but not necessarily solid, 
often originating in a solid nudeus, formed from combustion or sublimation. Also 
de^ed as carbon or soot partides less than 0.1 micron in size which result from the 
incomplete combustion of carbonaceous materials such as coal, oil, tar, and tobacco. 

Smokeless Arch : An inverted baffle placed in an up-draft furnace toward the rear 
to aid in mixing the gases of combustion and thereby to reduce the smoke produced. 

Solar Constant: The solar intensity inddent on a normal surface located outside 
the earth’s atmosphere at a distance from the sun equal to the mean distance between 
the earth and the sun. Its value is 415, 445, or 430 Btu per (hour) (square foot) as the 
July, January, or mean value respectively. At sea level in July the solar intensity value 
IS about 300 Btu per (square foot) (hour) since about 28 p^ cent is absorbed in the 
earth’s atmosphere. 

Sorbent: A material which extracts one or more substances present in an atmos- 
phere or mixture of gases or liquids with which it is in contact, due to an affinity for 
such substances. 

Sorption : Adsorption or absorption. 

Split System : A system in which the heating is accomiplished by means of radiators 
or convectors supplemented by mechanical circulation of air (heatea or unheated) from 
a central point. Ventilation may be provided by the same system. 

Square Foot of Heating Surface {EguimleiU)i This term is synonymous with 
Equivalent Direct Radiation (EDR). 

Stack Height: The height of a gravity convector between the bottom of the 
heating unit and the top of the outlet opening. 

Steam : Water in the vapor phase. Dry Saturated Steam is steam at the saturation 
temperature corresponding to the pressure, and containing no water in suspension. Wet 
Saturated Steam is steam at the saturation temperature corresponding to the pressure, 
and containing water partides in suspension. Superheated Steam is steam at a tem- 
perature higher than the saturation temperature corresponding to the pressure. 

Steam Heating System: A heating sjrstem in which heat is transferred from the 
boiler or other source of heat to the heating units by means of steam at, above, or 
below atmospheric pressure. 

Steam Trap: A device for allowing the passage of condensate, or of air and con- 
’ ensate and preventing the passage of steam. 

Supply Mains: The pipes through which the heating medium flows from the boiler 
jr source of supply to the run-outs and risers leading to the heating units. 

Surface, Heating : The exterior surface of a heating unit. Extended heating surface 
(or extended surface): Heating surface consisting of fins, pins or ribs which receive heat 
by conduction from the prime surface. Prime Surface: Heating surface having the 
heating medium on one side and air (or extended surface) on the other. (See also Boiler 
Heating Surface ) 

Temperature: The thermal state of matter with reference to its tendency to com- 
municate heat to matter in contact with it. If no heat flows upon contact, there is no 
difference in temperature. 

Temperature, Absolute: Temperature expressed in degrees above absolute zero. 

Temperature, Dry-Bulb: The temp^ture of a gas or mixture of gases indicated 
by an accurate thermometer after correction for radiation. 

Temperature, Dew-Point: The temperature at which the condensation of water 
vapor in a sjpace begins for a given state of humidity and pressure as the temperature of 
the vapor is reduced. The temperature corresponding to saturation (100 per cent 
relative humidity) for a given absolute humidity at constant pressure. 
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Tern perature, Effective : An arbitrary index which combines into a single value the 
effect of temperature, humidity, and air movement on the sensation of warmth or cold 
felt by the human body. The numerical value is that of the temperature of still, saturated 
air which would induce an identical sensation. 

Temperature, Wet-Bulb: Thermodynamic wet-bulb temperature is the tem- 
perature at which liquid or solid water, by evaporating into air, can bring the air to 
saturation adiabatically at the same temperature. Wet-bulb temperature (without 
qualification) is the temperature indicated by a wet-bulb psychrometer constructed and 
used according to specifications. (A.S.MJS, Power Test Codes, Series 1932, Instru- 
ments and Apparatus, Part 18.) 

Thermodynamics, Laws of: Two laws upon which rest the classical theory of 
thermodynamics. These laws have been stated m many different, but equivalent wa}^. 
The First Law: (1) When work is expended in generating heat, the quantity of heat 
produced is proportional to the work expended; and conversely, when heat is employed 
m the performance of work, the quantity of heat which disappears is proportional to 
the work done. Qoule)^ (G.P.)*>; (2) If a system is caused to change from an initial state 
to a final state by adiabatic means only, the work done is the same for all adiabatic paths 
connecting the two states. (Zemansky); (3) In any power cycle or refrigeration C3^e 
the net heat absorbed by the working substance is exactly equal to the net work done. 
The Second Law: (1) It is impossible for a self acting machine, unaided by anv external 
agencv, to convcjj neat from a body of lower to one of higher temperature. (Clausius) 
(G.P.); (2) It is impossible to denve mechanical work from heat taken from a body 
unless there is available a body of lower temperature into which the residue not so used 
may be discharged (Kelvin) (G.P.); (3) It is impossible to construct an engine that, 
operating in a cycle, will produce no dfect other than the extraction of heat from a 
reservoir and the performance of an equivalent amount of work (Zemansky). 

Thermostat: An instrument which responds to changes in temperature and which 
directly or indirectly controls temperature. 

Transmittance, Thermal : The time rate of heat flow, from the fluid on the warm 
side to the fluid on the cold side, per (square foot) (degree temperature difference be- 
tween the two fluids). Sometimes call^ Over-aM Coejfictent of Heat Transfer^ 

Common unit is Btu per (hour) (square foot) (Fahrenheit degree). Symbol Z7, 

Two-Pipe System {Steam or Water ) : A heating system in which one pipe is used for 
the supply of the heating medium to the heating unit and another for the return of the 
heating medium to the source of heat supply. The essential feature of a two-pipe 
system is that each heating unit receives a direct supply of the heating medium which 
medium cannot have serv^ a preceding heating unit. 

Unit: As applied to heating, ventilating and air conditioning equipment this word 
means factory-built and assembled equipment with ^paratus for accomplishing some 
specified function or combination of functions. (See Chapters 26 and 36.) 

It is loosely applied to a great variety of equipment. Usually the function is included 
in the name, and hence come terms like Unit Heater, Unit Ventilator, Humidifying 
Unit, and Air Conditioning Unit. 

Units are said to be direct or room, when intended for location, or located in, the 
treated space; indirect or remote, when outside or adjacent to the treated space. They 
are ceUing imits when suspended from above, and floor when supported from below. 
Other descriptive words include /res delivery when the unit is not intended to be attached 
to ducts or similar resistance-producing devices, and pressure when for use with such 
ducts. Complete description requires the use of several of these qualifying words or 
phases. (See Chapters 26 and 36.) 

Up- Feed System : A heating system in which the supply mains are below the level 
of the heating units which they serve. 

Vacuum Heating System: A two-pipe steam heating system equipped with the 
necessary accessory apparatus which will permit operating the system below atmospheric 
pressure when desired. 

Vane Ratio : In air distributing devices the ratio of depth of vane to shortest opening 
width between two adjacent grille bars. 

Vapor: The gaseous form of substances which are normally in the solid or liquid 
state and which can be changed to these states either by increasing the pressure or 
decreasing the temperature. Vapors diffuse. (A .5.^4. definition.) 


ftNames of authors who first stated law are given in parentheses. 

*»Ftom Glossary of Physics, by LeRoy Dougherty Weli (McGraw-Hill, 1037). 
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Vapor Heating System : A steam heating system which operates under pressures at 
or near atmospheric and which returns the condensate to the boiler or receiver by 
gravity. Vapor systems have thermostatic traps or other means of resistance on the 
return ends of the heating units for preventing steam from entering the return mains; 
they also have a pressure-equalizing and air-eliminating device at the end of the dry 
return. 

Velocily ; A vector quantity which denotes at once the time rate and the direction 
ds S 

of a linear motion. V « -jr- . For uniform linear motion V = -r- . Common units 
at t 

are: feet per second. 

Ventilation: The process of supplying or removing air, by natural or mechanical 
means, to or from any space. Sudb air may or may not have been conditioned. (See 
Air Conditioning.) 

Volumes Specific: The volume of a substance per unit mass; the reciprocal of 
density. Units: cubic feet per pound, cubic centimeters per gram, etc. 

Warm Air Heating System: A warm air heating plant consists of a heating unit 
(fuel-burning furnace) endosed in a casing, from which the heated air is distributed to 
the various rooms of the building through ducts. 

Warm Air Heating System, Gravity: A warm air heating system in which the 
motive head producing flow depends on the difference in weight between the heated air 
leaving the casing and the cooler air entering the bottom of the casing. 

Warm Air Heating System, Mechanical: A warm air heating system in which 
circulation of air is effected by a fan. Such a system may indude air deaning devices. 
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Standard Abbreviations; Standard Symbols; Greek Alphabet; 
Conversion Equations; Graphical Symbols for Piping, Ductwork, 
Heating and Ventilating, Refrigerating; Identification of Piping 
by Color; Specific Heat Table 


T his chapter contains information regarding abbreviations, symbols, 
and conversion equations, which are of particular interest to the 
engineer engaged in heating, ventilating, and air conditioning. 


ABBREVIATIONS 

Abbreviations are shortened forms of names and expressions employed 
in texts and tabulations and should not generally be used as symbols in 
equations. Most of the following abbreviations have been compiled from 
a list of approved standards K In general the period has been omitted in 
all abbreviations except where the omission results in the formation of 
an English word. Additional abbreviations applying to individual 
chapters will be found at the end of Chapters 3, 4, 5, 7, 16, 39, 41, and 43. 


abs 


Air horsepower. 

c 

Alternatmg-cnTTent adjective) 

- - - 

Ampprfk ... 


Ampftrft-hoiifr _ _ 

- amp-hr 

Atmosphere, 

.atm 

Average . _ 

- - - - -- avv 

AvoirtTiipois . ___ 

- avdp 

narnmeter. _ _ __ __ 

ba;. 

Rniling point 

bp 



Brake horsepower __ _ _ _ _ __ _ 

bhp 

Brake horsepower-hour—, - 

.....bhp-hr 

British thermal unit _ 

...*Btu 

British thermal units per hour 

Btuh 

Calorie. . 

..cal 

Centigram _ __ _ 

—.eg 

Centimeter 

cm 

Centimeter-gram-second (system) 

-- -- 

Cubic 

CM 

Cubic centimeter _ 

cu cm or cc 

Cubic foot 

cu ft 

Cubic feet per minute _ _ __ _ _ _ 

- - . cf m 

Cubic feet per second ... 

.... ....cfs 

Decibel _ _ . 

db 

Degree* ___ __ _ _ __ _ 

or ® 

Degree, Centigrade 

C 

Degree, Fahrenheit _ 

F 

Degree, Kelvin 

K 

Di^ee, R^nmiir _ _ _ _ 

R 

Diameter. .. . 

.diam 


^Abbreviations for Saentific and Engineering Terms. ZlO.1-1941 (Amfrican Standards Assoctation), 

Ut is recommended that the abbreviation for the temperature scale, F. C. K, R. be included in eicpres- 
sions for numerical temperatures but, wherever feasible, the abbreviation for degree be omitted; as 68 F. 
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Direct-current (as adjective)-. 
Electromotive Force 


_d-c 

..emf 


l*eet per mmutCL - — 

pftr sftmnd _ . 

Jpm 

Ipa 


s 

Frtof-pnnnH _ _ __ _ _ _ 

it-lb 

Fnnt-p<^iinH-iap<^nt1 (syatAm) _ 

fps 

Freezing point 

_ - fp 

Oflllnn 

_ .gal 

HAllonA p#»r miniitfh 

_ _ - - gpm 

Gallons ner second . 

ct» 

Gram _ _ _ _ . . . _fir 

Gram-cfllon’e _ __ _ 

_ _g-c^ 

Horsepower. _ _ _ 

- L_hp 

Horsepower-honr 

__ - ...hp-hr 

Hour.. __ _ . 

- hr 

Inch 

. Jn. 


Inch-pound 


Indicated horsepower. 


Indicated horsepower-hour„ 


.Jn.-lb 

Jhp 


-ihp-hir 


Kilogram 

Kilowatt 

Kilowatthour. 

Masa 

Melting point 



.kwhr 


jnass 

-jnp 


Meter m 

Micron pi (mu) 

Miles per hour, mph 

Millimeter. mm 

Minute min 


Molecular weight jnol. wt 

Mol mol 

Ounce. ^ 

Pounds per square inchi' psi 

Pounds per square inch, gage psig 

Pounds per square inch, absolute. psia 

Revolutions per minute .jrpm 

Revolutions per second sps 

Second. sec 

Specific fflravity. ^p gr 

Specific heat jsp ht 

Square foot ^ ft 

Square inch jsq in. 

Watt w 

Watthour whr 


SYMBOLS 

A letter symbol is a single character, with subscript or superscript if 
required, used to designate a physical magnitude in mathematical equa- 
tions and expressions. Two or more symbols together always represent 
a product. The following have been compiled from a selected list of 
approved standards ®. Additional symbols and variations in the standard 


^Letter Symbols for Mechanics of Solid Bodies, ZlO.8-1942, and letter Symbols for Heat and Thermo- 
dynamics, ZlO.4-1943 (Afrurtcan Standards Association). 
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symbols found necessary in the individual chapters will be found in a list 
at the end of Chapters 3, 4, 6, 7, 16, 39, 41, and 43. 


Acceleration, due to gravity. ^ 

Acceleration, linear a 

Area 4 

Change in specific volume during vaporization vfg 

Density, Weight per unit volume, Specific weight — d or p (rho) 



Distance, linear y 

Dry saturated vapor. Dry saturated gas at saturation pressure and temperature, 

vapor in contact with liquid Subscript g 


EflSciency ij 

Elevation above some datum js, Z 

Emissivity*^ ji 

Energy in general; work, total; work, molal B 

Entropy. (The capital should be used for any weight, and the small letter for unit 

weight) S or y 


Force, total load. F 

Gas Constant, in equation pV = nRT. R 

Head Morh 

Heat content, Total heat, Enthalpy. (The capital should be used for any weight 

and the small letter for unit weignt) ST or h 

Heat content of saturated liquid. Total heat of saturated liquid, Enthalpy of 
saturated liquid, sometimes called heat of the liquid 


Heat content of dry saturated vapor, Total heat of dry saturated vapor, Enthalpy 

of dry saturated vapor. hg 

Heat of vaporization at constant pressure. L or hfg 

Hydraulic radius Rh 

Internal enemy. Intrinsic energy. (The capital should be used for any weight and 

the small letter for unit weight) V or u 


Length of path of heat flow, thickness. 


X 


Load, total W 

Mechanical efficiency- .^m 

Mechanical equivalent of heat. J 

Power, Horsepower, Work per unit time P 

Pressure, Absolute pressure, Gage pressure, Force per unit area .p 


Quantity (total) of fluid, water, gas, heat; Quantity by volume; Total quantity 


of heat transferred Q 

Quality of steam, Pounds of dry steam per pound of mixture. x 

Reynolds Number, Nrc 

Saturated liquid at saturation pressure and temperature, Liquid in contact 

with vapor. Subscript f 

Specific heat c 


Specific heat at constant pressure Cp 

Specific heat at constant volume. c^f 

Specific volume, Volume per unit weight. Volume per unit masa .v 

Temperature (ordinary) F or C. {Theta is used preferably only when t is used for 

Time in the same discussion) J or 6 {theta) 

Temperature (absolute) F abs or K. (Capital theta is used preferably only when 

small theta is used for ordinary temperature) T or 0 {capital theta) 
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Thermal conductance^: heat transferred per (unit time) (degree) C 

^ R L h-'h 

Thermal conductance per unit area. Unit conductance: heat transferred per 

(unit time) (unit area) (degree) Ca 

r ^ g « JL 

A RA A(h “ h) L 

Thermal conductivity: heat transferred per (unit time) (unit area) (degree 

per unit length) k 


k « 



Surface coefficient of heat transfer, Film coefficient of heat transfer, Individual 
coefficient of heat transfer: heat transferred per (unit time) (unit area) 
(d^free) 


./ 


/“ 


± 

A 


h h 


(In general /is not equal to klL, where L is the actual thickness of the fluid film.) 

Over-all coefficient of heat transfer. Thermal transmittance per unit area: heat 

transferred per (unit time) (unit area) (d^ee over-all). U 


g 



Thermal transmission (heat transferred per unit time). 



Thermal resistance (degree per unit of heat transferred per unit time). 



g 


R 


Thermal resistivity. \/k 

Vaporization values at constant pressure, Differences between values for saturated 

vapor and saturated liquid at the same pressure Subscript fg 

Velocity. 7 

Viscosity, absolute 

Viscosity, kinematic jx/p 


Volume (total) 7 

Volume p^ unit time, Rate at which quantity of material passes through a 

machine, Quantity of heat per unit time, Quantity of heat per unit weight q 

Weight of a major item, Total weight W 

Weight rate, Weight per unit of power, Weight per unit of time jw 

Work (total) 7^ 


ending iv%ty desi^te properties independent of size or shape, sometimes called specific proper- 
(tes. Examples: conductivity, r^tivity. Terms ending ance designate quantities depending not only 
on the material, but also upon size and shape, sometimes called Mai quantUw. Examples conductance, 
transmittauce. Terms e ndin g ton designate rate of heat transfer. Ehcamples conduction, transmission 
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THE GREEK ALPHABET 


A a Alpha 

I t Iota 

P p Rho 

B ^ Beta 

K K Kappa 

I] (7 s Sigma 

r Y Gamma 

A y. Lambda 

T T Tau 

A S Delta 

M (JL Mu 

T u Upsilon 

E e Epsilon 

Nv Nu 

9 Phi 

Z i; Zeta 

S? Xi 

Xx Chi 

H rj Eta 

0 0 Omicron 

Psi 

© 0 Theta 

Hie Pi 

£2 G) Omega 


CONVERSION EQUATIONS^ 


Heat Power and Work 

1 ton refrigeration 
Latent heat of ice 

1 Btu 

1 Int. watthour 


1 Int. kilowatthour 

1 Int, kilowatt (1000 watts) 

1000 I.T. calories \ 

1 I.T. Kilocalorie / 

1 horsepower 

1 boiler horsepower 

Weight and Volume 

1 gal (U. S.) 

1 British or Imperial gallon 
1 cu ft 

1 cu ft water at 60 F ( in vacuo ) 
1 cu ft water at 212 F ( “ " ) 

1 gal water at 60 F ( “ “ ) 

1 gal water at 212 F ( “ “ ) 

1 lb (avdp) 

1 bushel 
1 short ton 


12.000 Btu per hour 
200 Btu per minute 

= 143.4 Btu per pound 
778.3 ft-lb 
= - 0.2930 Int. whr 

252.0 I.T. calorie 
' 2656 ft-lb 

_ 3.413 Btu 

3600 Int. joules 
860 I.T. calories 
3,413 Btu 

= 3.517 lb water evaporated from 

and at 212 F 
' 1 341 hp 

« ■ 56.88 Btu per minute 
44,267 ft-lb per minute 
' 3.968 Btu 
= ■ 3088 ft-lb 
1.1628 Int. whr 
' 0.7455 Int. kw 
42.40 Btu per minute 
“ 33,000 ft-lb per minute 

. 550 ft-lb per second 
__ / 33,475 Btu per hour 
“ \ 9.809 Int. kw 


/ 231 cu in. 

\ 0.1337 cu ft 
= 277.42 cu in. 
_ / 7.481 gal 
~ \ 1728 cu in. 
« 62.37 lb 
« 59.83 lb 
8.338 lb 
= 7.998 lb 
/ 16 oz 
\ 7000 grains 
1.244 cu ft 
« 2000 lb 


^Checked in 1944 by NaUonal Bureau of Standards, Abbreviations Int, and I,T, refer to Internatumdl 
and International (JSteam) Table respectively. 







16 


CHAPTER 2 


1947 Guide 


Pressure 

1 lb per square inch 

1 02 per square inch 
1 atmosphere 

1 in. water at 62 F (in vacuo) 

1 ft water at 62 F (in vacuo) 

1 in. mercury at 62 F (in vacuo) 

1 in. mercury at 32 F (in vacuo) 

Metric Units 

1 cm 
1 in. 

1 m 
1ft 

1 sq cm 
1 sq in. 

1 sq m 
1 sq ft 
1 cu cm 
1 cu in. 


' 144 lb per square foot 
2.0360 in mercury at 32 F 
» 2.0422 in. mercury at 62 F 

2.309 ft water at 62 F 
27.71 in. water at 62 F 
/ 0.1276 in. mercury at 62 F 
\ 1.732 in. water at 62 F 
' 14.696 lb per square inch 
2116 lb per square foot 
« • 33.94 ft water at 62 F 
30.01 in. mercury at 62 F 
29.921 in. mercury at 32 F 
' 0.03609 lb per square inch 
« ■ 0.6774 oz per square inch 
^ 6.197 lb per square foot 
^ r 0.4330 lb per square inch 
\ 62.37 lb per square foot 

1 0.4897 lb per square inch 
7.836 oz per square inch 
1.131 ft water at 62 F 
13.57 in. water at 62 F 
=» 0.49115 lb per square inch 


« 0.3937 in. » 0.0328 ft 
=» 2.640 cm 
« 3.281 ft 
= 0.3048 m 
« 0.1650 sq in. 

=» 6.452 sq cm 
“ 10.76 sq ft 
«= 0.09290 sq m 
» 0.06102 cu in. 

« 16.39 cu cm 


1 cu m 
1 cu ft 
1 liter 
1kg 
lib 

1 metric ton 
1 gram 

1 kilometer per hour 
1 gram per square centimeter 
1 kg per sq cm (metric atmosphere) 

1 gram per cubic centimeter 
1 dyne 

1 absolute joule 
1 Int. joule 
1 metric horsepower 

1 1. T. kilocalorie per kilc^;ram 
1 I,T. calorie per square centimeter 
1 I.T. calorie per (second) (square centimeter) for 
a temperature gradient of 1 C d^ per centi- 
meter 


= 35.31 cu ft 
» 0.02832 cu m 
= 1000 cu cm = 0.2642 gal 
« 2.205 lb (avdp) 

= 0.4636 kg 
= 2205 lb (avdp) 

» 0.002205 lb (avdp) 

« 0.6214 mph 

^ / 0.02905 in. mercury at 62 F 
\ 0.3942 in. water at 62 F 
» 14.22 lb per square inch 
^ / 0.03613 lb per cubic inch 
\ 62.43 lb per cubic foot 
* 0.00007233 poundals 
^ / 10,000,000 ergs 
\ 0.7376 ft-lb 
- 0.7378 ft-lb 
„ / 76 kg-m per second 
t 0.986 hp (U. S.) 

= 1.8 Btu per pound 
=» 3.687 Btu per square foot 

(’2903 Btu per (hour) (square foot) 
« jfor a temperature ^dient of 1 F 
[deg per inch of thickness. 
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GRAPHICAL SYMBOLS FOR DRAWINGS^ 


Graphigal Symbols for Drawings 
Hbating 

1. High Pressure Steam 

2. Medium Pressure Steam 

3. Low Pressiure Steam 

4. High Pressure Return 

5. Medium Pressure Return 

6. Low Pressure Return 

7. Boiler Blow Off 

8. Condensate or Vacuum Pump Discharge 

9. Feedwater Pump Discharge 

10. Make Up Water 

11. Air Reli^ Line 

12. Fuel Oil Flow 

13. Fuel Oil Return 

14. Fuel Oil Tank Vent 

15. Compressed Air 

16. Hot Water Heating Supply 

17. Hot Water Heating Return 


Piping 


-H- 


FOF 

A 


Air Conditioning 

18. Refrigerant Discharge 

19. Refrigerant Suction 

20. Condenser Water Flow 

21. Condenser Water Return 

22. Circulating Chilled or Hot Water Flow 

23. Circulating Chilled or Hot Water Return 

24. Make Up Water 

25. Humidification Line 

26. Drain 

27. Brine Supply 

28. Brine Return 


RD 

C 

CR 

CH 


-H- 

-D- 

-B- 

'BR- 


Plumbing 

29. Soil, Waste or Leader (Above Grade) 

30. Soil, Waste or Leader (Below Grade) 

31. Vent 

32. Cold Water 

33. Hot Water 

34. Hot Water Return 

35. Fire Line 

36. Gas 

37. Acid Waste 

38. Drinking Water Flow 

39. Drinking Water Return 

40. Vacuum Cleaning 

41. Compressed Air 


AC»D 


. 0 . 


-V- 




■A- 


Sprinklers 

42. Main Supplies 

43. Branch and Head 

44. Drain 


S' 


•Graphical Symbols for Use on Drawings in Mechanical Engineering, Z32.2-1941 ^American Standards 
Association), 
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Graphical Symbols for Drawings 

45. Duct (1st Figure, Width; 2nd, Depth) 

46. Direction of Flow 

47. Inclined Drop in Respect to Air Flow 

48. Inclined Rise in Respect to Air Flow 

49. Supply Duct Section 

50. Exhaust Duct Section 



|>^h /Zx20 


/2x20 


51. Recirculation Duct Section 


/2x20 


52. Fresh Air Duct Section 

53. Other Duct Sections 

54. Register 

55. Gnlle 

56. Supply Outlet 

57. Exhaust Inlet 

68. Top Register or Grille 

69. Center Register or Grille 

60. Bottom Register or Grille 

61. Top and Bottom Roister or Grille 

62. Ceiling Register or Grille 

63. Louver Opening 

64. Adjustable Plaque 


12x20 

UabeO 

' — ^ Kitchen Exh, 

R 


6 




11^^ 

1 1 TR^20x/2- 700 cfm 

1 1 16*20 x/2- 700 cf/n 

1 1 CR 20*12-100 cfm 
H ^20*12- lOOctm 

|| 6R^ 2Q*lZ-100cfm 

I' ^20*l2-7QOcfm 

1 1 Tap 20*12- ea. 700 cFm 
I* TaB6 20xl2-ea. 700 cfm 

pv : -’] CR 20*12— 700 cfm 
‘=^C6 20*12- 700 Cfm 
I L .20*l2-700cfm 




2-20*12-700 crm_ 


r— 

r- 1 

L 

P- 

< 

1 1 




\ 

r?-20''^-700cfm' 
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Graphical Symbols for Drawings 


Ductwork 


66. Volume Damper 


66. Deflecting Damper 


67. Deflecting Damper, Up 


68. Deflecting Damper, Down 


69. Adjustable Blank Oif 


70. Turning Vanes 


71. Automatic Dampers 


72. Canvas Connections 


73. Fan and Motor With Guard 








74. Intake Louvers and Screen 
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Graphical Symbols for Drawings 

75. Heat Transfer Surface, Plan 

76. Wall Radiator, Plan 

77. Wall Radiator on Ceiling, Plan 

78. Unit Heater (Propeller), Plan 

79. Unit Heater (Centrifugal Fan), Plan 

80. Unit Ventilator, Plan 



traps 

81. Thermostatic 

82. Blast Thermostatic 

83. Float and Thermostatic 

84. Float 

85. Boiler Return 

Valves 

86. Reducing Pressure 

87. Air Line 

88. Lock and Shield 

89. Diaphragm 

90. Air Eliminator 

91. Strainer 

92. Thermometer 



93. Thermostat 


© 






Graphical Symbols for Drawings 


Refrigerating 


94. Thermostat 
(Self Contained) 

96. Thermostat 
(Remote Bulb) 


96. Pressurestat 


97. Hand Expansion Valve 


98. Automatic 
Expansion Valve 

99. Thermostatic 
Expansion Valve 


100. Evaporator Press. Regu- 
lating Valve, Throttling 
Type 

101. Evaporator Press. Regu- 
lating Valve, Thermo- 
static Throttling Type 

102. Evaporator Press. Regu- 
lating Valve, Snap-Ac- 
tion Valve 

103. Compressor Suction 
Pressure Limiting Valve, 
Throttling T3rpe 


104. Hand Shut Off Valve 


© 

(T” 

0 

_(^IL 


105. Thermal Bulb 


106. Scale Trap 


107. Dryer 


108. Strainer 


109. High Side Float 




110. Low Side Float 


111. Gage 


112. Finned Type Cool- 
ing Unit, Natural 
Convection 


113. Pipe Coil 

114. Forced Convection 
Clooling Unit 


116. Immersion Cooling 
Unit 


116. Ice Making Unit 


117. Heat Interchanger 


118. Condensing Unit, 
Air Cooled 


119. Condensing Unit, 
Water Cooled 


120. Compressor 


121. Cooling Tower 


122. Evaporative Con- 
denser 


123. Solenoid Valve 


124. Pressurestat With 
High Pressure Cut- 
Out 




-dib- 
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IDENTinCATION OF PIPING SYSTEMS BY COLOR 

The color scheme for identification of piping systems listed in the 
following table and shown in Fig. 1 is reprint^ from Part V, Fourth 
Edition, of the Engineering Standards of the Heating, Piping and Air 
Conditioning Contractors National Association*^. 

All piping systems are classified according to the material carried in 
the pipes and colors are assigned as follows: 

Class Color 

F— Fire-protection Red 

D — Dangerous materials Yellow or Orange 

S — ^Safe Materials Green (or the achromatic colors, white, black, 

gray or aluminum) 

and, when required 

P — Protective materials Bright blue 

V — Extra valuable materials Deep purple 



Fig. 1. Main Classification by Colors 

•From Scheme for Identifi^tion of Piping Systems, Seating, Piping and Air Conditioning Contractors 
Nattonal Assocuawn, Part V, Fourth Edition, p. 17. Used by permissioa. 


^See Scheme for Identification of Piping Systems, A18-1928, American Standards Association, 
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SPECIFIC HEAT 


Table 1. Specific Heat of Solids^ 


Materials 

Temperature F 

Specific Heat 

Authoritt 

Alloys 





82 

0.0899 

S 


32 

0.0888 

S 


67-208 

0.0862 

s 


68-2370 

0.127 

S 


80-212 

0.212 

S 

Asbestoa .. ^ 

68-208 

0.195 

s 



0.195 

H 

Carbon (Graphite) .... 

104r-1637 

0.814 

I 

Crisil . 


0.278 

H 

CftkA „ _ . 


0.201 

H 



0.270 

H 

Copper— 

64-212 

0 0928 

S 

Fire Clay Brick .. .. 

77-1832 

0 258 

I 

Glass 




Crown 

60-122 

0.161 

S 


60-122 

0.117 

S 

Gold- — 

64 

0.0312 

s 

n^ypAiim 


0.269 

H 



32 

0.487 

S 


-40 

0.434 

s 

Iron, Pure . , — . - . 

32 

01043 

S 

Iron. Pure 

32-600 

0127 

M 

Iron. Cast- . „ . _ .. „ 

68-212 

0.1189 

H 


69-212 

0.1152 

H 


32 

0 0297 

S 

1 1-' 1 ff 

32 

0.1032 

S 

Masonry , 


0J2159 

H 

Plaster" _ 


0.2 

H 


68^21” 

0.0319 

S 

Rocks 




Gneiss - 

63-210 

0 196 

S 


64-212 

0.192 

S 

Limestone-. 

69-212 

0.216 

S 

Marble. - . . 

32-212 

0.21 

S 

San<1atena. _ __ . 


0 22 

s 

Sflver . 

32 

0 0586 

s 

Steel. .. - - . - 


0.1176 

H 

Sulphur 

240-320”" 

0.220 

s 

Sihca Brick — 

77-1832 

0.268 

I 

Tin- 

77 

0.0548 

s 

Woods (Average) .. - ... 

68 

0 327 

s 


32 

0.0913 

s 


Table 2. Specific Heat of Liquids 


Liquid 


Specific Heat 

Authority 


32 

0.648 

S 


69-68 

0.601 

S 


69-122 

0.676 

S 


360 

0 041 

H 

Mercury . 

68 

0 03325 

S 

Petroleum — 

70-136 

0.511 

S 


64 

0 980 

s 

Sd Gr 1 0463 -. . 

64 


s 


59 


s 


Table 3. Specific Heat of Gases and Vapors 


Substance 

Temperature 

F 

Spbcifxc Heat 
AT Constant 
Pressure 

Ratio of 
Specific Heat 
Cp/Ct 

Spbcxfic Heat 
AT Constant 
Volume 
(C oMPinrsD) 

Authority 

Air-. .. 

32-392 

0 2376 

1.405 


S 

Ammonia- - .- 


0,6866 

1.277 


s 

Carbon Dioxide-—.- 

62-417 

0.2169 

1.3003 


S 

Carbon Monoxide 

79-388 

0.2426 

1.395 


s 

Cnal _ _ 

68-1900 

0.3146 



S 

Flue GasL - - 


0 24 (Approx.) 



H 

Hydrogen 

70-212 

3.41 

1.419' 

2.402 

s 

Nitrogen . 

32-^92 

0.2438 

1.41 


s 


56-404 

0.2176 

1.3977 

0.165 

s 

Water Vapor- 


0.421 

1.305 

0.322 

s 

Water Vapor 


0.61 

— 

— 

s 


*See also The Specific Heat of Thermal Insulating Materials, by Gordon B. Wfikes and Carl O. Wood 
(A.S.H.V.E. Transactions, VoL 48. 1942, p. 493). 

Notes: When one temperature is given the true specific heat is given, otherwise the value is the mean 
specific heat between the given limits. 

Authoritxss: S — Smithsonian Physical Tables, 1933: 1— International Critical Tables; H— Heating, 
Ventilation and Air Conditioning, by L. A. Harding and A. C. WiUatd; M — Engineen* Handbook, by 
Lionel S. Marks 




























CHAPTER 3 



etmody^namicd 


Degree of Saturation; MoUier Diagram; Deriv^ed Propertiea; Typical 
Air Conditioning Proceaaea, Heating, Cooling, Adiabatic Mixing; 
Wet-Bulb Temperatures Below 32 F; Dalton's Rule; Steady Flow 
Energy ^uation, U, S. Standard Atmosphere 


T he working substance of the air conditioning engineer is called 
moist air. In order to be able to apply the laws of conservation of 
energy and mass to the analysis of typical air conditioning processes, it 
is necessary to know the thermodynamic properties of moist air, particu- 
larly its enthalpy and volume. When the linutations imposed by the 
Second Law of Thermodynamics have to be considered, it is also necessary 
to know its entropy. 

For the purpose of analysis, moist air may be regarded as a mixture 
of only two constituents, namely, dry air and water vapor. It has long 
been customary to predict the thermodynamic properties of the mixture 
from a knowledge of those of dry air and water vapor separately by means 
of Dalton’s Rule. According to this rule: each constituent of a gas 
mixture occupies the whole volume of the mixture just as if no other 
constituent were present; it therefore exerts a partial pressure equal to 
the pressure it would exert if alone in the whole volume at the temperature 
of the mixture; the observed pressure of the mixture is the sum of these 
so-called partid pressures; ,the enthalpy of the mixture is the sum of 
separate contributions from the individual constituents as determined by 
their partial pressures, their weights, and the temperature of the mixture; 
and the entropy of the mixture is obtained in a similar manner. 

Dalton’s Rule has long been regarded erroneously as a fundamental 
law of nature. Actually it is not, and in many cases its predictions are 
quite unreliable. In the case of moist air at atmospheric pressure, it 
happens to give a close approximation to the truth; but as progress is 
made the need for greater accuracy than the rule can afford is felt even 
in this case. Fortunately most of the complications involved in following 
a correct procedure based on the predictions of statistical mechanics are 
met in preparing suitable tables of thermodynamic properties; and, once 
these tables have been prepared, their use in the einalysis of typical air 
conditioning processes is actually simplified by abandonment of the rule 
together with its fictitious concepts of partial pressure, relative humidity, 
etc. 

Thermodynaznic Properties of Moist Air 

Table 1, Thermodynamic Properties of Moist Air (Standard Atmos- 
pheric Pressure, 29.921 In. Hg), contains results of a cooperative investi- 
gation between the American Society of Heating and Ventilating 
Engineers and the Towne Scientific School, University of Pennsylvania, 
These results are to be considered by an International Joint Committee 
on Psychrometric Data as a possible starting point from which to reach 
agreement on standard properties of moist air. A detailed explanation 
of the data and methods used in constructing Table 1 is given in a paper ^ 
presented before the ASHVE upon the recommendation of its Technical 
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Advisory Committee on Psychrometry as a final report of the coopera- 
tive investigation. * 

In Table 1 there are 15 colunms of figures, each column being headed 
by a suitable symbol. In the following sub-paragraphs are given brief 
explanations of the data in Table 1 under the appropriate column headings. 

/(F) = Fahrenheit temperature defined in terms of absolute temperature T by the 
relation, 

r = / + 459.69 (1) 

This particular Fahrenheit scale differs slightly from that derived from the Inter- 
national Centigrade Scale /(C) by the definition, 

/(F) « 1.8/(C) + 32 (2) 

However, the maximum difference between the two Fahrenheit scales appears not to 
exceed 0.01 Fsdirenheit deg in the range 32 to 212 F. 

Wb = humidity ratio at saturation. By humidity ratio is meant the ratio, by weight, 
of water vapor to dry air, pounds of water vapor per pound of dry air. By saturation 
is meant the point where coexistence of the vapor phase (moist air) with a condensed 
phase (liquid or solid) is possible at the given temperature and pressure (standard atmos- 
pheric pressure in the case of Table 1). At given values of temperature and pressure 
the humidity ratio W can have any value from zero to Wb, 

Ua =* specific volume of dry air, cubic feet per pound. 

Vbb = Vb ~~ Vb, the difference between the volume of moist air at saturation^ per pound 
of dry air, and the specific volume of the dry air itself, cubic feet per pound of dry air. 

Vb « volume of moist air at saturation per pound of dry air, cubic feet per pound of 
dry air. 

Aa = specific enthalpy of dry air, Btu per pound. It will be noticed that the specific 
enthalpy of dry air has been assign^ the value zero at 0 F, standard atmospheric pres- 
sure. The energy unit Btu is related to the foot-pound, though not exactly, by definition, 
as follows: 1 Btu « 778.18 ft-lb. 

feia =■ As — Aai the difference between the enthalpy of moist air at saturation^ per 
pound of dry air, and the specific enthalpy of tlie dry air itself, Btu per pound of dry air. 

As — enthalpy of moist air at saturation per pound of dry air, Btu per pound of dry air. 

Sb *= specific entropy of dry air, Btu per (pound) (F). It will be noticed that the 
specific entropy of dry air has been assigned the value zero at 0 F and standard atmos- 
pheric pressure. 

^as *=* ^8 — SBt the difference between the entropy of moist air at saturation^ per pound 
of dry air, and the specific entropy of the dry air itself, Btu per (pound of dry air) (F). 

sb = entropy of moist air at saturation per pound of dry air, Btu per (pound of dry air) 
(F). 

hw — specific enthalpy of condensed water (liquid or solid) at standard atmospheric 
pressure, Btu per pound of water. The specific enthalpy of liquid water has been as- 
signed the value zero at 32 F, saturation pressure. It will be noticed that, under this 
assignment, the specific enthalpy of liquid water at 32 F, standard atmospheric pressure, 
assumes the value 0.04 Btu/lbw. 

Sv 7 ™ ^cific entropy of condensed water (liquid or solid) at standard atmospheric 
pressure, Btu per (pound of water) (F). The specific entropy of lic^^uid water has been 
assigned the value zero at 32 F, saturation pressure. It will be noticed that, under this 
assignment, the specific entropy of liquid water at 32 F, standard atmospheric pressure, 
is also zero, though not exactly. 

pB = saturation pressure of pure water vapor, pounds per square inch or inches of Hg. 
Moist air can be saturated at any given values of temperature and pressure, though this 
requires that it have a definite humidity ratio Wb and that the coexisting condensed 
phase contain a definite, but very small quantity of dissolved air. On the other hand, 
pure water vapor (steam) cannot be saturated at any given values of temperature and 
pressure because its composition is invariable. It can, however, be saturated at any 
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^Extrapolate to represent metastable eQUilibrium with undercooled liquia 
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given temperature (below the critical temperature), though this requires that it have a 
definite pressure P% and that the coexisting condens^ phase have the same temperature 
and pressure. The values of saturation pressure listed in Table 1 have been computed 
from the formulae of Goff and Gratch K 


ThermodYnaxnlc Properties of Wafer at Saturation 

Table 2 offers revisions to existing steam table data • with extension 
downward to —160 F. These revisions and extension were a necessary 
preliminary to the construction of Table 1. A detailed explanation of the 
methods employed in constructing Table 2 is given in a paper ® by John A. 
Goff and S. Gratch. As in Table 1 the temperature scale used as cirgument 
in Table 2 is the Fahrenheit scale defined in terms of absolute temperature 
T by Equation 1, whereas the Fahrenheit scale used as argument in exist- 
ing steam tables is that derived from the International Centigrade scale 
by means of Equation 2. The symbols used as column headings in Table 2 
are the Scime as those used in the steam tables and have the same mean- 
ings; therefore, a detailed explanation seems unnecessary. 

Properties of water above 212 F from Keenan and Keyes * are given 
in Table 3. 


DEGREE OF SATURATION 


At given values of temperature and pressure the humidity ratio W of 
moist air can have any value between zero (dry air) and (moist air 
at saturation). For convenience a parameter p. ^led alternatively degree 
of saturation or per cent saturation is introduced through the definition, 

W « pPPs (3) 

Obviously the degree of saturation p. can have any value from zero (dry 
air) to unity (moist air at saturation). 

To a degree of approximation within the estimated uncertainty of the 
data in Table 1 at temperatures below about 150 F, the volume v of moist 
air per pound of dry air at any degree of saturation p. may be computed 
from the simple relation, 

w - t7a + (4) 


To obtain comparable accuracy at temperatures above about 150 F it is 
necessary to add a correction term v as follows, 


IT* P^(l ~ 
1 -|- 


(4a) 


where a denotes the ratio of the apparent molecular weight of dry air 
(28.966) to the molecular weight of water (18.016), namely, 1.6078. In 
Table 4 are given, for each of several higher temperatures, the correspond- 
mg value of the coefficient A, the value of at which the correction tom 
V attains its majdmum value, and the maximum value of the correction 
term there attained. 

At temperatures below about 150 F the enthalpy h of moist air per 
pound of dry air at any degree of saturation [i. may be computed from 
the simple relation, 

h = ha, + iJiaM (5) 


To obtain comparable accuracy at temperatures above about 160 F it is 
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1400 

1.269 



! 








8 

1 



36.07 

32.03 

28 47 
26.32 

22.64 

20 08 

17 00 

16 97 

14 26 
12.74 
11.39 
10.19 

0123 

8.174 

7.330 

6.677 

5.905 

6.305 

4.770 

4.202 

3.864 

3.481 

3.138 

2.831 

2.666 

2 308 
2.086 
1.886 

1.707 

1.645 

1.400 

1.269 

V 











& 


Sat. Solid 

0.01722 
0.01722 
0 01723 
0 01723 

001723 
0.01723 
0 01723 
0.01723 

gggg 

i-IrHiHi-t 

OOOO 

dddd 

0.01724 
0 01724 
0.01724 
0 01724 

OOOO 

odod 

0.01724 

0.01724 

0.01724 

0.01724 

OOOO OOOO 

ddod dddd 

i 


S 

1.008 

1.138 

1.286 

1.450 

1.634 

1.840 

2.072 

2.329 

2.618 

2.030 

3.298 

3.608 

4.143 

4.630 

6.190 

5.803 

6.483 

7.240 

8.076 

9.005 

10.03 

11.17 

12.43 

13.82 

16.36 

17.06 

18.94 

21.01 

23.28 

25.79 

28 66 

31.60 



Lb/Sq In. 

dooo 

0.8026 

0.9040 

1.017 

1.144 

1286 

1.444 

1.620 

1.816 

igli 

1111 

cQcoeO't^ 

mi 

to* cod 

(OOtH 
•$0004 
toeocQco 
00 09 0 

rM 

iH 04 

Fahr. 


s 



ssss 

MM 

MM 

»HrH HrH 

1 I I I 

franco 

i i 11 

CD *0:^00 
CO 00 coco 

i I 1 i 

»H »H iH iH 

ill! 


ftCompiled by John A. Goff and S. Gratch. 
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SSSS 

1 i i I I 11 i MM MM 1111 1111 1111 1111 


Entropy, Btu pbr (Lb) (®F;) 

Sat. Vapor 

2 9267 
2.9187 
2.9108 

2 9029 

2.8951 

2.8873 

2.8796 

2.8718 

2.8642 

2.8566 

2.8490 

2.8415 

2.8340 

2.8266 

2.8192 

2 8118 

2.8045 

2 7972 
2.7900 

2 7828 

2.7766 

2 7685 
2.7616 

2 7544 

2 7474 
2.7405 
2.7336 
2.7267 

2.7198 

2.7130 

2.7063 

2.6996 

Evap. 

3.3502 

3.3412 

3.3322 

3.3233 

3.3145 

8.8056 

3J2969 

3J2880 

8.2794 

3.2708 

3.2621 

3.2636 

3.2450 

8.2366 

3.2282 

8 2197 

3.2114 

3 2030 
8.1948 
3.1866 

3.1784 

8.1702 

8.1622 

8.1640 

3.1460 

31881 

3.1301 

3.1222 

31143 

3.1064 

3 0987 
8.0910 

Sat. SoUd 

Si 

SSISS SSSg iiSi 

eo^co^ 

oddd dddo dddd oddd dodd ddod oddd ddod 

1 i M Mil MM Mil MM MM 1 I M 1 1 M 

Enthalpy, Btu pbr lb 

Sat. Vapor 

1018.66 

1019.10 

1019.54 

1019.98 

1020.43 

1020.87 

1021.31 

1021.76 

1022.20 

1022 64 

1023 08 
1023.52 

1023.96 

1024.40 

1024.85 

1025.29 

1025.73 
1026.17 
1026 62 
1027.06 

1027.60 
1027 94 
1028.38 
1028.83 

1029.27 
1029.71 
1030.15 
1030 60 

103104 

103148 

1031.92 

1032.36 


1218.44 

1218.50 
1218.66 
1218.62 

1218.68 

1218.74 

1218.80 

1218.86 

1218.92 

1218.97 

1219 02 

1219.08 

121912 

1219.18 

1219.23 

1219.28 

1219.33 

1219.37 

1219.43 

1219.47 

1210.51 

1219.56 

1210.60 

1219.65 

1210.68 
1219 72 
1219.76 
1219.80 

1210.84 
1219 87 
1219 90 
1219.94 

Sat. Solid 
hi 

SSSSS SfSSSS 8SS9 SSSIS :;S3^ S8SS 
SSS'g sgg'g S'SSS SSS'S SSS3S S'SSS SS'88 88S;Ss 

iH »H iHMtHiH rHrHrHr-l 

1 1 1 1 INI 1 1 1 1 INI INI 1 1 1 1 1 1 1 1 1 1 II 

Specific Volume, cu ft per lb 

h> 

6.746 

6 223 
5.743 
5.303 

4.899 

4.528 

4.186 

3B72 

3.583 

3.317 

3.072 

2.846 

2638 

2.446 

2.270 

2.106 

1.955 

1.816 

1687 

1.568 

1.458 

1.356 

1.262 

1.176 

1094 

1020 

0.9501 

08858 

0.8261 

0 7707 
0.7103 

0 6715 


6.745 

6.223 

5.743 

5.303 

4.800 

4.528 

4.186 

3.872 

3.583 

3 317 
3.072 
2.846 

2.638 

2.446 

2.270 

2.106 

1.955 

1.816 

1.687 

1568 

1.458 

1.356 

1.262 

1.175 

1094 

1.020 

0 9301 
0.8868 

0.8261 

0.7707 

0.7193 

0.6716 

Sat. Solid 
n 

001729 

0.01720 

0.01729 

0.01730 

0 01730 
001730 
0.01730 
0.01730 

0.01730 

0.01730 

0.01730 

0.01730 

001731 

0.01731 

0 01731 
0.01731 

0.01731 

0.01731 

0 01731 
0.01732 

0.01732 

0.01732 

0.01732 

0.01732 

0.01732 

0 01732 
0.01732 
0.01732 

0.01733 

0.01733 

0.01733 

0.01733 

i 

P 

1 

In. Hg 

6.639 

7.108 

7.722 

8.385 

9.102 

9.876 

10.71 

11.61 

12.58 

13.63 

14.76 

15.96 

17J27 

18.67 

2018 

21.81 

23.66 

25.42 

27 43 

29 59 

31.91 

34.39 

37 06 

39.91 

42.96 

46 24 

49.74 

53.49 

67.51 

6180 

66 38 

71.28 

Lb/Sq In. 

3.212 

3.491 

3.793 

4.118 

4.470 

4.860 

6.260 

6.702 

6.179 

6 692 
7.245 
7.841 

8.482 

9.171 

9.913 

10.71 

11.67 

12 49 

13.47 

14.53 

16.67 

16 89 

18.20 

19.60 

21.10 

22.71 

24.43 

26.27 

28.24 

30.36 

32.60 

35.01 


SSScS^ SSSSSS^ sggsc 

MM MM MM MM 11 11 11 I 1 1111 1 1 M 



•CompUed by John A. Goff and S. Giatch. 
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Fahr 

Temp. 

m 

1 il 1 

Qoqor* 

StOiQiO 

1 1 1 1 

«OU3'^C0 

iO> 4 >OU 3 

1 1 1 1 

MM 

oqt^cDio 

ill! 

MM 

OOOON 

^CQOOCQ 

i 1 i 1 

OlO-rtICO 
coco coco 
lilt 

s: 

Sat Vapor 
Sg 

2 0929 
2.6862 
2.6796 
2.6730 

2 6664 
2.6699 
2.6635 
2.6470 

2 6406 

2 6342 
2.6279 

2 6216 

2.6163 

2 6091 
2.6028 

2 6967 

2.6906 

2.6844 

2 6784 
2.6723 

2 5663 

2 5603 
2.6543 
2.5484 

2.6425 

2 5367 
2.6308 
2.6260 

2 5193 

2 5135 
2.6078 

2 6021 

M 

i 

1 

i 

o 


3 0832 
3.0766 
3.0678 

3 0602 

3 0526 
3.0460 

3 0376 
3.0301 

3.0226 

3 0162 
3.0079 
3.0006 

2.9932 

2.9860 

2.9786 

2 9715 

2 9643 

2 9671 

2 9601 
2.9430 

2 9369 

2 9289 

2 9219 
2.0149 

2.9080 

2 9012 
2.8942 
2.8874 

2 8807 
2.8739 

2 8671 
2.8604 

Sat. Solid 

Si 

-0.3903 
-0.3893 
-0.3882 
-0 3872 

-0 3862 
-0.3861 
-0 3841 
-0.3831 

SSSsfc 

CO GO CQ CO 

oood 
i 1 i i 

-0.3779 
-0 3769 
-0.3758 
-0.3748 

-0.3738 
-0 3727 
-0 3717 
-0 3707 

CO 00 coco 

dodo 

till 

-0.3666 
-0 3646 
-0.3634 
-0.3624 

cooSuS 

coeorocQ 

0000 

Mil 

£5 

1 

S 

1032 81 
1033.26 
1033.69 
1034.13 

1034 68 
1036.02 
1036.46 

1035 90 

1036.34 
103679 
1037 23 
1037.67 

1038 11 
1038.66 

1039 00 
1039 44 

1039.88 

1040 32 
1040.76 

1041 21 

1041.66 
1042 09 
1042 63 
1042 98 

1043 42 

1043 86 

1044 30 
1044 74 

1046 19 
1046 63 
1046.07 
1046.61 

s 

1 

P 

1219.98 
1220 01 
1220 04 
1220.00 

1220.10 
1220.13 
1220 16 
1220 18 

1220 20 
1220 23 
1220 25 
1220 27 

1220 29 
1220 31 
1220 34 
1220.36 

1220.37 
1220 38 
1220 40 
1220.42 

1220.43 
1220 44 
1220 46 
1220.47 

1220 48 
1220 49 
1220 49 
1220 50 

1220 61 
1220 51 
1220.52 
1220.52 

j 

Sat. Solid 
hi 

tmtoioeo 

»Ht«.eoe» 

00 00 OQ 00 

»H rH iH 

Mil 

r-t tH rS ?H 

I 1 1 1 

WOO COM 
00 00 00 00 

^ rH tH 

1 i I 1 

ssss 

sssssi 

iH r-» iH »H 

i 1 i I 

gsgg 

iHi-iiHi-l 

i i 1 I 

e'Sfcf: 

»HvH lH 

I I 1 I 

-177 06 

-176 63 

-17619 
-176 76 

MOQiOf-i 

CQoS'^i^O 

i 1 i i 

£5 

1 

H 


COU)U9td 

4 788 
4.479 
4.192 

3 925 

3 676 
3.443 

3 226 

3 024 

2 836 

2 660 

2 496 
2.343 

2 200 

2 066 
1.941 
1824 

1.715 

1612 

1 616 
1427 

1.343 

1 264 

1 191 

1 122 

1.057 

0 9961 

0 9391 

0 8867 

n 

8 

1 


6 272 

6 869 

5 476 

6 120 

4 788 

4 479 
4192 
3.925 

3.676 

3 443 

3 226 

3 024 

2 836 
2660 

2 496 
2.343 


1.715 

1612 

1 516 
1.427 

1343 

1 264 

1 191 
1.122 

1.067 

0 9961 
0.9391 

0 8867 

U 

Sat Solid 
ri 

0 01733 

0 01733 

0 01734 

0 01734 

0.01734 

0 01734 

0 01734 

0 01734 

0000 

oddd 

0 01735 

0 01736 

0 01736 

0 01735 

0 01736 

0 01736 

0 01736 

0 01736 

0 01736 

0 01736 

0 01736 
0.01736 

0000 

dood 

0 01737 

0 01737 

0 01737 
0.01738 

Is 

(ItlH 


Ifl 

0000 

mM 

riiHTHrH 

1.332 

1.426 

1 626 
1631 

1743 

1863 

1990 

2 126 

2 270 

2 422 

2 685 

2 757 

2.940 

3.134 

3 340 

3 559 

3.790 

4.035 

4 296 
4.570 

4 862 

6 170 

5 497 
5.843 



a 

i 

0600 

0.4972 

0 6328 

0 6708 
0.6112 

odod 

0 8562 
0.9161 

0 9776 
1.044 

1116 

1,190 

1270 

1364 

1444 

1.539 

1.641 

1748 

1861 

1.982 

2.110 

2.245 

2 388 
2.640 
2.700 
2,870 

1- 

26 

Mil 

QoaqoiN 

SkOiQtO 

1 1 1 i 

CDkO'tfCO 

10 10 Id u5 

1 1 1 i 

i i 1 1 

MM 

MM 

M N 

eoiO’^CQ 

CO coed CO 
i 1 1 1 


^Compiled by John A. Goff and S. Gratch. 




















Table 2. Thermodynamic Properties of Water at Saturation^ (Continued) 


42 


CHAPTER 3 


1947 Guide 



aCommled by John A GoflF and S. Gratch. 


Table 2. Thermodynamic Properties of Water at Saturation® (Continued) 


Thermodynamics 


43 


g 

(I 


-1 

OiHcaeo 

-ifliuseofr- 

cocao^ 


Ob-oooa 

1— 1 iH iH iH 


OM0)O 


£ 

s 

Sat. Vapor 

T 

2 3297 

2 3249 

2 3201 
2.3154 

2.3106 

2.3059 

2 3012 
2.2966 

oeob-i-H 

iHr»c3oo 

O0Q001> 

esioesieq 

COOaOQ 

2.2555 

2.2511 

2.2466 

2 2422 

2 2378 

2 2335 
2.2291 

2 2248 

2.2206 

2.2162 

2.2119 

2.2077 

2 2034 

2 1992 

2 1950 
2.1908 

2 1867 












i 

g 

m 


1^ 

2 6541 
2.6483 
2 6425 
2.6367 

2 6309 

2 6252 
2.6194 
2.6138 

2.6081 

2 6025 
2 5969 

2 5912 

2.6857 
2.5801 
2 6746 
2 5690 

2.5635 

2.5581 

2 5526 
2 6471 

2.6417 
2 5364 
2 5310 
2 5256 

2 5203 
2.5160 
2 5097 
2.5045 

2 4991 
2.4939 
2 4887 
2.4835 
2 4783 


Sat. Solid 

Si 

-0 3244 
-0 3234 
-0 3224 
-0 3213 

-0 3203 
-0 3193 
-0.3182 
-0 3172 

iH tH tH 

CQCQOOOO 
OOOO 

till 

*HiHt-IO 
0)1-100 
rHi-lr-IO 
CO CO CO CO 
OOOO 

Mil 

OOQOa 

CO CO CO CO 

ddoo 

MM 

oooo 

CO CO CO CO 

oodo* 
11 11 

-0 2998 
-0 2988 
-0 2978 
-0.2968 

r«Nis.b>(0 

ooodo 

11 11 1 

2 

S 

1 

1061.09 

106153 

1061 97 

1062 41 

1062 85 

1063 29 
1063.74 
1064.18 

1064 62 

1065 06 
1065.60 
1065 94 

1066.38 
1066 82 
1067 26 
1067.70 

1068 14 
1068.58 
1069.02 

1069 46 

1069 90 
1070.34 
1070.78 
1071.22 

1071 66 

1072 09 
1072 53 
1072.97 

1073 41 
1073.86 

1074 29 
1074 73 
1076 16 

M 

Pi 

g 

pq 

i 


1220 07 
1220 04 
1220 01 
1219.97 

1219.94 

1219.90 

1219.88 

1219.84 

1219 80 
1219 76 
1219.72 
1219.68 

1219 64 
1219 69 
1219 55 
1219 60 

1219.46 
1219.41 
1219 36 
1219.31 

1219.26 
1219.21 
1219.16 
1219 10 

1219 05 
1218.98 
1218 93 
1218 87 

1218 81 
1218.76 
1218 69 
1218.63 
1218.56 


Sat Solid 
h. 

sgssss; 

Mil 

-157.09 
-156.61 
-15614 
-155 66 

-16518 
-154.70 
-164.22 
-153 74 

-153 26 
-162 77 
-162 29 
-161.80 

-15132 
-160,83 
-160.34 
-149 85 

-149.36 
-148 87 
-148.38 
-147 88 

-147.39 
-146.89 
-146 40 
-145.90 

-145.40 
-144.90 
-144.40 
-143.90 
-143 40 

2 

i 

t 


14 81 
14.08 

13 40 

12 75 

12 14 

11 55 
11.00 
10.48 

9 970 

9 607 

9 060 

8 636 

im 

6 817 
6.505 

6 210 
5.929 

5 662 
5.408 
5.166 

4 936 

4.717 

4 509 

4 311 
4.122 

3 943 
3.771 
3608 

3 453 
3.305 

B 

1 


14.81 

14 08 

13 40 

12 75 

12 14 
1155 
11.00 
10.48 

9.970 

9 507 

9 060 

8 636 

8.234 

7 851 
7.489 
7.144 

6 817 
6.505 

6 210 
5.929 

5 662 
5.408 
6.166 
4.936 

4 717 
4609 

4 311 
4122 

3.943 

3.771 

3.608 

3 453 

3 305 

U 

1 

Sat. Solid 
oi 

0 01742 

0 01742 

0 01742 
0.01743 

oooo 

oodo 

0.01743 

0 01744 
0.01744 
001744 

0.01744 

0 01744 
0.01744 

0 01744 

0 01745 
0.01746 

0 01746 

0 01745 

0 01745 

0 01745 

0 01746 

0 01746 

0.01746 

0.01746 

0 01746 
0.01746 

0.01746 

0 01747 
0.01747 

0 01747 

0 01747 

Absoluts Pressure 

Pb 

ixS 

0.03764 

0.03966 

0 04178 

0 04400 

0 04633 

0 04878 
0.05134 
0.05402 

oooo 

0*000 

0.06946 

0.07300 

0 07669 

0 08056 

0 08461 
0.08884 
0.09326 

0 09789 

0.1027 

0.1078 

01130 

01186 

01243 

01303 

0.1366 

0.1431 

01600 

0 1571 

0 1645 
0.1723 
0.1803 

Lb/Sqln 

0.01849 

0.01948 

0 02052 
0.02616 

0 02276 
0.02396 

0 02521 
0.02653 

0.02791 

0 02936 

0 03087 
0.03246 

0 03412 

0 03585 
0.03767 

0 03967 

oooo 

odoo 

0 06105 
0.06400 
0.06708 
0.07030 

0 07365 

0 07716 

0 08080 
0.08461 
0.08858 

ti 

£ 


0»HCS)eo 


oooo^ 


coN.ooaa 

OiHMCQ 
NC4 0)0) 




aCompiled by John A. Goff and S. Gratch. 
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aCompiied by John A. Goff and S. Giatch. 

*1^trapolated to represent metastable equihbnum with undercooled liquid. 
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1 

Is 

152 

153 

154 

155 

156 

h»qQabQw 

aQiQtoocO 

rH 1-1 1-( iH »-( 



172 

173 

174 

176 

176 

177 

178 

179 

180 

181 

£ 

Sat. Vapor 

1.8640 

18620 

18600 

1.8580 

1.8660 

1.8540 

18520 

18501 

18481 

1.8462 


1.8346 

1.8328 

18309 

1.8290 

1.8271 

1 8253 
1.8234 
18216 
1.8197 
1.8170 

1.8161 

18143 

1.8124 

18106 

1.8089 









§ 

1 

£ 


t^rH^OpCfl 

16276 

1.6230 

1.6204 

16168 

1.6133 

1.6007 

1.6062 

1.6027 

1.5000 

16056 

16020 

16887 

1.6852 

1.6817 

1.6782 

1 6748 
16713 
1.6670 
1.5644 
1.6611 

1.6677 

1.6643 

1.5508 

1.5476 

1.5442 

1 

Sat. Liquid 

Si 

0 21880 
0.21004 
022157 
0.22320 
0.22482 

0.22646 

0.22807 

0 22060 
0.23130 
0.23202 

0.23453 

0.23614 

0.23774 

0.23035 

0.24005 

0.24256 

0 24414 
0.24574 

0 24733 
0.24802 

0.25061 

0 25200 
0.26367 
0.25525 
0.25683 

0.26841 

0.26008 

0.26155 

0 26312 
0.26468 

S 

«j 

1 

to 

s 

1126 62 
1127.03 
1127 44 
1127.85 
1128.26 

1128.67 
1120.08 
1120 48 
1120 80 
1130 30 

1130.71 
1131 11 

1131 62 
1131.02 

1132 33 

1132.73 
1133.14 
1133 64 
1133.04 
1134.35 

1134.76 
1135.15 
1136.65 
1135.06 
1136 35 

1136.75 
1137.16 
1137 65 
113794 
1138.34 

s 

1 

> 

di 

1006.66 
1006 06 
1005 47 
1004 88 
1004 20 

1003.70 

1003.11 

1002.51 

1001.02 

1001.33 

iisss 

»Ht-I 

997.76 
007.16 
906 55 
905 05 
005.36 

COlOkOlOU) 

Ni-»»OOiCO 

901.76 
901.14 
990.54 
089.03 
989 32 

1 

1 

5* 

110.06 

120 07 

121.07 

122.07 

123.07 

124.07 

125 97 

126.07 
12707 

128.07 

129.97 

130.08 
13108 

132.08 

133.08 

134 98 

135.08 

136 90 

187.09 

138 99 

139.99 

141.00 

142.00 

143 00 

144.00 

145 00 

146.01 

147.01 

148.01 

140.02 

5 

g 

Sat. Vapor 

Vg 


82 668 

80 814 
70.017 

77 267 
75.562 

73 901 
72.283 
70.706 
69.169 
67.670 

66.210 

64 786 

63 398 

62 045 
60.726 

50.439 

68184 

56.960 

66 766 
54.602 

53.466 

52.367 

61.276 

60 220 
49.190 

Vk 

B 

1 


iSSSkSS 

3SSS3 

82 642 

80 708 

79 001 
77.261 

75 546 

73 885 

72 267 
70.600 
69.163 
67,664 

66.194 

64 770 
63.382 

62 020 

60 710 

59.423 

58.168 

66 944 
55.750 

64 586 

53 450 
52.341 
51.260 
50.203 
49.173 

1 

Sat. Liquid 

0.01635 

0.01636 

0 01636 

0 01637 
0.01637 

0.01638 

0 01638 

0 01630 
001630 
0.01640 

0.01640 

0 01641 

0 01642 

0 01642 

0 01643 

0 01643 
0.01644 

0 01644 

0 01646 
0.01645 

0 01646 
0.01647 

0 01647 

0 01648 
0.01648 

001640 

0 01660 
0.01650 
0.01661 

0 01651 

S'* 

In. Hg 

7.0656 

8.1532 

8.3648 

8.6607 

8.7708 

8 0853 
0.2042 
0.4276 
0.6556 
0.8882 

10.126 

10.368 

10.616 

10.867 

11.124 

11 386 
11.653 
11925 
12.203 
12.487 

12.776 

13 070 
13.370 
13.676 

13 087 

14.305 

14.620 

14.059 

16.205 

15.637 

I 

n 

< 

a 

f 

3.0074 

4.0044 

4.1036 

4.2046 

4.3078 

4.4132 

4.6207 

4.6304 

4 7424 
4.8666 

4.9732 

6.0921 

5 2134 

6 3372 
6.4634 

5 5021 
6.7233 
6.8572 
6.0936 
6.1328 

6.2746 

64102 

6.5666 

6 7168 
6.8609 

7.0250 

7.1840 

7.3469 

7.5119 

7.6801 

li 

k 

H 


167 

168 

160 

160 

161 

162 

163 

164 
166 

166 

gSSS;:! 

gSSJSg 

177 

178 

170 

180 

181 


^Compiled by John A Goff and S. Gratch. 
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Table 3. Properties of Saturated Steam : Pressure Tabled 


Abs 
P ssss. 
In. Hg 


Specific Volume 

Enthalpy 


Entropy 


Temp 










F 

Sat 

Sat 

Sat 

Evap. 

hf^ 

Sat. 

Sat 

vr. 

Sat 


P 

t 

Liquid 

»f 

Vapor 

Li^d 

Vapor 

hg 

Liquid 

St 

S[g 

Vapor 

m 

0 25 

40.23 

0.01602 

2423,7 

8.28 

10711 

1079.4 

0 0166 

21423 

21589 

0 25 

0 50 

58 80 

0 01604 

1256 4 

26.86 

1060 6 

1087 6 

0 0532 

2 0453 

2 0985 

0 50 

0.75 

70.43 

0.01606 

856.1 

38.47 

1054.0 

1092 6 

0 0754 

19881 

2 0635 

0 76 

1.00 

79 03 

0 01608 

652.3 

47.06 

1049 2 

1096 8 

0 0914 

19473 

2 0387 

100 

15 

91.72 

0 01611 

444.9 

69.71 

1042 0 

11017 

0.1147 

18894 

2 0041 

1.5 

2 

10114 

0 01614 

339 2 

69.10 

1036.6 

1106 7 

0.1316 

18481 

19797 

2 

4 

12543 

0 01622 

176 7 

93.34 

1022.7 

1116 0 

0.1738 

17476 

19214 

4 

6 

140.78 

0 01630 

120 72 

108.67 

1013.6 

1122 3 

01996 

16881 

1.8877 

6 

8 

152.24 

0 01635 

92 16 

120 13 

1006.9 

1127 0 

0 2186 

1.6454 

18640 

8 

10 

16149 

0.01640 

74 76 

129 38 

10014 

1130 8 

0J2335 

1.6121 

18456 

10 

12 

169 28 

0 01644 

68 03 

137 18 

996 7 

1133 9 

0.2460 

16847 

18307 

12 

14 

176 05 

0.01648 

54 55 

143.96 

992.6 

1136.6 

0 2568 

15613 

1.8181 

14 

16 

182 05 

0 01652 

4814 

149.98 

988.9 

1138.9 

0 2662 

15410 

1.8072 

16 

18 

187.45 

0 01655 

43.11 

155.39 

985.7 

1141.1 

0 2746 

1.6231 

17977 

18 

20 

192 37 

0 01658 

39 07 

160 83 

982 7 

1143 0 

0J2822 

15069 

17891 

20 

22 

196 90 

0 01661 

35.73 

164 87 

979.8 

1144 7 

0 2891 

1.4923 

1.7814 

22 

24 

201.09 

0 01664 

32.94 

169 09 

9772 

1146 3 

02955 

14789 

1.7744 

24 

26 

205.00 

0 01667 

30 56 

178 02 

974.8 

1147 8 

0.3014 

14665 

17679 

26 

28 

208 67 

0.01669 

28 52 

176 72 

972.6 

1149 2 

0 3069 

1.4660 

1.7619 

28 

30 

212.13 

0.01672 

26.74 

180.19 

970.3 

1160 6 

0.3122 

1.4442 

1.7564 

30 


21200 

0.01672 

26.80 

180 07 

970 3 

1150 4 

03120 

1.4446 

1 7666 

Lb/Sq In. 
14 696 

16 

21632 

0 01674 

24.75 

184 42 

967 6 

1162 0 

03184 

1.4313 

1.7497 

16 

18 

22241 

0.01679 

22.17 

190 56 

963 6 

1154 2 

0.3276 

14128 

1.7403 

18 

20 

227.96 

0.01683 

20.089 

196.16 

9601 

1156.3 

0.3356 

1.3962 

1.7319 

20 

22 

233 07 

0.01687 

18.375 

20133 

956 8 

1168.1 

03431 

1.3811 

17242 

22 

24 

23782 

0.01691 

16.938 

206 14 

953.7 

1159 8 

0 3500 

13672 

1.7172 

24 

26 

242.25 

0 01694 

15.715 

210 62 

960 7 

11613 

03564 

1.3544 

17108 

26 

28 

246.41 

0 01698 

14.663 

214 83 

947.9 

1183.7 

0.3623 

13425 

1.7048 

28 

30 

250.33 

0.01701 

13.746 

218.82 

945.3 

1164.1 

0.3680 

1.3313 

1.6963 

30 

32 

254 05 

0.01704 

12.940 

222.59 

942.8 

1165 4 

0 3733 

1.3209 

16941 

32 

34 

25768 

0.01707 

12.226 

226.18 

940.3 

1166 6 

0.3783 

13110 

1.6893 

34 

36 

26095 

0.01709 

11.588 

229 60 

938.0 

1167 6 

03831 

13017 

1.6848 

36 

38 

264 16 

0 01712 

11.015 

232.89 

935.8 

1 1168 7 

0 3876 

1.2929 

1.6805 

38 

40 

267.25 

0 01715 

10 498 

236 03 

938.7 

1169.7 

0.3919 

12844 

16763 

40 

42 

270.21 

0 01717 

10.029 

239.04 

931.6 

1170 7 

0.3960 

12764 

1.6724 

42 

44 

273.06 

0 01720 

9 601 

241.95 

929.6 

1171.6 

04000 

12687 

16087 

44 

46 

276 80 

0 01722 

9 209 

244.75 

927.7 

1172 4 

0.4038 

1.2613 

1.6652 

40 

48 

27845 

0 01725 

8.848 

24747 

925.8 

1173.3 

0.4075 

12542 

16617 

48 

50 

281.01 

0 01727 

8 515 

260.09 

924 0 

1174.1 

04110 

1.2474 

1.6585 

50 

52 

283.49 

0 01729 

8.208 

252.63 

1 922.2 

1174.8 

0.4144 

1.2409 

1.6563 

52 

54 

285 90 

0 01731 

7 922 

255 09 

1 920.5 

1176 6 

04177 

1.2346 

16523 

54 

56 

288 23 

0 01733 

7 656 

257 60 

918.8 

1176 3 

0.4209 

1.2285 

1.6494 

56 

58 

290.50 

0 01736 

7.407 

259 82 

917.1 

1176 9 

0.4240 

1.2226 

1.6466 

58 

60 

292.71 

0 01738 

7176 

262.09 

915.5 

1177 6 

0.4270 

1.2168 

1.6438 

60 

62 

294.85 

0 01740 

6 967 

264 30 

913 9 

1178.2 

0.4300 

1.2112 

1.6412 

62 

64 

296 94 

0 01742 

6.762 

266.45 

912.8 

1178.8 

0.4328 

1.2059 

1.6387 

64 

66 

298 99 

0 01744 

6 560 

268 55 

910 8 

1179.4 

0.4356 

12006 

1.6362 

66 

68 

300 98 

0 01746 

6.378 

270 60 

909.4 

1180.0 

0.4383 

1.1955 

1.6338 

68 

70 

302.92 

0 01748 

6.206 

272.61 

9079 

1180.6 

0 4409 

1.1906 

1.6315 

70 

72 

304.83 

0.01750 

6 044 

274.57 

906 5 

1181.1 

0.4435 

11867 

1.6292 

72 

74 

306 68 

0 01752 

5.890 

276.49 

905.1 

1181.6 

0.4460 

1.1810 

1.6270 

74 

76 

308.50 

0 01754 

6.743 

278.87 

903.7 

1182.1 

0.4484 

11764 

1.6248 

76 

78 

310 29 

0 01755 

5.604 

280 21 

902 4 

1182 6 

0 4508 

1.1720 

16228 

78 

80 

312 03 

0.01757 

. 6.472 

282 02 

901 1 

1183 1 

0 4531 

1.1076 

16207 

80 

82 

313 74 

0.01759 

5.346 

283 79 

899.7 

1183.5 

0 4554 

1 1033 

1.6187 

82 

84 

315.42 

0.01761 

5 226 

285 53 

898 5 

1184 0 

0 4676 

1 1692 

16168 

84 

86 

31707 

0.01762 

6.111 

287.24 

897.2 

1184.4 

0 4598 

1.1551 

1.0149 

80 

88 

318 68 

0.01764 

6.001 

288.91 

895 9 

1184 8 

0 4620 

1.1510 

10130 

88 

90 

320.27 

0 01766 

4.896 

290,56 

894.7 

1185.3 

0.4641 

1.1471 

16112 

00 

92 

321.83 

0 01768 

4.796 

292.18 

893 5 

1185 7 

0.4661 

1.1433 

1 00!)4 

02 

94 

323 36 

0 01769 

4.699 

293.78 

892.3 

11861 

04682 

1.1394 

16070 

04 

96 

324 87 

0 01771 

4.606 

295.34 

891.1 

1186.4 

0 4702 

1.1358 

IGOOO 

00 

98 

326 35 

0 01772 

4.517 

206 89 

889.9 

1186 8 

0.4721 

1 1322 

160^13 

08 

100 

327 81 

0 01774 

4.432 

298 40 

888.8 

1187.2 

0.4740 

1.1280 

10020 

100 

150 

358 42 

0 01809 

3.015 

330 51 

863.6 

1194.1 

0.5138 

1 0556 

1.5004 

150 

200 

381.79 

0 01839 

2.288 

355.36 

843.0 

1198.4 

0.5435 

10018 

15453 

200 

300 

417 33 

0 01890 

15433 

393 84 

809.0 

1202.8 

0 5879 

0.9225 

1.5104 

300 

400 

444 59 

0 0193 

1.1613 

424.0 

780.5 

1204.5 

0.6214 

0.8030 

1.4844 

400 

600 

467 01 

0 0197 

0.9278 

449.4 

756.0 

1204.4 

0.6487 

0.8147 

1.4634 

500 


^Reprinted by pennission from Thermodynamic Properties Steam, by J. H. Keenan and F. G. Keyce, 
published by John Wiley and Sons, Inc , 1936 edition. 
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necessary to add a correction term h as follows, 

r ^ tt(l ~ tL)B 
l + aW8[L 


(5a) 


In Table 4 are listed values of the coefficient B and maximum values of 
the correction term h, the latter occurring at the same values of \i as do 
those of the correction term v. 

Unfortunately, values of the entropy s of moist air per pound of dry 
air computed from the simple relation, 

S ^ S2L+ (6) 


do not approximate the true values as closely as might be desired except 
at temperatures considerably lower than 150 F. Only a relatively small 
portion of the error is contributed by the correction term 


s 


tj^(l — ti)C 
1 + aWs 


Table 4 lists values of the coefficient C and maximum values of the 
correction term 5, the latter occurring at the same values of as do those 
of the correction terms v and A. The larger portion of the error is con- 
tributed by the so-called mixing entropy. It can be expressed as an 
additional correction term s as follows, 

1 = 0.1579 [(1 + \mWs)\ogi,0. + w^W^) - iLaW^logio{^) .... 

- p.(l + aWB)logio(l + aWs)] 

Maximum values of s and the values of [l at which they occur are given 
in Table 4. In Equation 6b 'logjo denotes logarithm to the base 10. 


MOLLIER DIAGRAM 

It is a fundamental proposition of thermodynamics that when a fluid 
flows across a section fixed in space it convects with it an amount of energy 
equal to its enthalpy as determined by the pressure, temperature, and com- 
position of the fluid at that section. This fundamental proposition provides 
the correct procedure for applying the law of conservation of energy to 


Table 4. Coefficients A, B, C Appearing in Equations 4a, 5a, 6a, Maximum 
Values of Corrections Defined by Equations 4a, 5a, 6a. Degree of Saturation 
AT Which These Maxima Occur, iim. Maximum Value of Correction Defined 
BY Equation 6b. Degree of Saturation at Which This Maximum Occurs, fm- 

{Standard Atmospheric Pressure) 


t 

(F) 

A 

(ftVlba) 

B 

(Btu/Iba) 

V 

Vmax 

(ftVlba) 

htnox 

(Btu/lbo) 





96 

0.0018 

0.0286 

0.00004 

0.0004 

0.0069 

0.00001 


0.0015 

0.3650 

112 

0.0042 

0.0650 

0.00009 

0.0010 

0 0155 

0.00002 

0.4878 

0.0025 

0.3632 

128 

0.0096 

0.1439 

0.00020 

0.0022 

0.0332 

0.00005 

0.4805 

0.0040 

0 3602 

144 

0.0215 

0.3149 

0.00042 

0.0047 

0.0693 

0.00009 

0.4691 

0.0065 

0.3557 

160 

0.0487 

0.6969 

0.00091 

0 0099 

0.1418 

0.00019 

0.4511 

0.0106 

0.3485 

176 

0.1169 

1.636 

0.00207 

0.0207 

0.2903 

0.00037 

0.4213 

0.0179 

0.3363 

192 

0.3363 

4.608 

0.00567 

0.0451 

0.6180 

0.00076 

0.3662 

0.0333 

0.3129 
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the processes occurring most frequently in air conditioning practice. 
Thus if moist air is flowing through a duct it carries across any section of 
the duct energy of amount mh Btu per minute and water of amount mW 
pounds per minute, if m denotes the weight of dry air crossing the section 
per minute. 

The foregoing considerations suggest the importance of having accurate 
knowledge regarding the enthalpy of the fluid in question and the desir- 
ability of using enthalpy as one of the coordinates in graphical repre- 
sentation. The use of enthalpy h and humidity ratio W as coordinates 
in the case of moist air is due to Mollier A convenient modification 
of the Mollier diagram introduced by Goff is obtained by taking humidity 
ratio W as ordinate and reduced enthalpy (A-1000T1^ as abscissa. A 
Mollier Diagram modified in this way is enclosed in the envelope attached 
to the inside back cover and an abridgement of the Diagram is shown 
in Fig. 1. 

The Mollier Diagram is a constant-pressure chart, the one provided 
with this book being drawn for standard atmospheric pressure from the 
data in Table 1. Along the axis of abscissae (PF = 0, p. = 0) are plotted 
values of the specific enthalpy of dry air K at one-degree intervals of tem- 
perature. Values of humidity ratio at saturation plotted against 
values of reduced enthalpy at saturation (Ag-lOOOPFs) determine the satu- 
ration curve (iJL = 100 per cent). Lines of constant temperature connect 
points on the saturation curve with corresponding points on the dp^-air 
axis and are inclined upward to the right. They are drawn straight in ac- 
cordance with Equations 3 and 5 because the curvature contributed by the 
correction term 5a is inappreciable at all temperatures within the range 
of the chart. The portion of each isotherm lying between the dry-air 
axis and the saturation curve is divided into 10 equal parts by curves of 
constant per cent saturation. The per cent saturation of any point below 
the saturation curve is readily determined by linear interpolation along 
the isotherm through that point. 

Each isotherm breaks at the saturation curve to incline upward to the 
left into the two-phsise re^on above the saturation curve. The ordinate 
of a point in this region is the total weight of water in both the vapor 
phase (moist air) and the condensed phase (liquid or solid) per pound 
of dry air in both phases. Neglecting the very small amount of dissolved 
air in the condensed phase, it is the weight of water in both phases per 
pound of dry air in the vapor phase. The ordinate at the break in the 
isotherm through the point in question is the weight of water per pound 
of dry air in the vapor phase. Consequently, the difference between the 
two ordinates is the weight of condensed phase per pound of dry air in 
the vapor phase. 

It has been stated that the region above the saturation curve is the 
two-phase region. This is so except in the wedge with apex on the satu- 
ration curve at 32 F where three distinct phases, namely, solid, liquid, and 
vapor coexist. In fact, this wedge separates the liquid-vapor region 
above the wedge from the solid-vapor region below it. A point inside 
the wedge divides the horizontal line extending through it from one 
boundary to the other into two segments which are in the same ratio 
as are the weights of solid and liquid. The temperature is 32 F throughout 
the wedge. 

The isotherms in the two-phase regions above the saturation curve 
have been extended downward to the right into the vapor-phase region 
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below the saturation curve as lines of constant thermodynamic wet-bulb 
temperature. The definition of thermodynamic wet-bulb temperature 
will be given later. 

On the Mollier Diagram provided with The 1947 Guide there has been 
drawn a protractor from which can be determined the direction in which 
the state point of a mixture of water and dry air will be moved by simul- 
taneous addition of energy and water without addition of dry air, A par- 
ticular direction is specified by the numerical value of the ratio of energy 
to water added which ratio is designated as q and called the specific enthalpy 
of water added, Btu per pound. The protractor is useful in locating the 
condition line of a cooling load or heating load problem. 

DERIVED PROPERTIES 

Thermodynamic Wet-bulb Temperature, For any state of moist air there 
exists a temperature t* at which liquid (or solid) water may be evaporated 
into the air to bring it to saturation at exactly this same temperature. 
The humidity ratio of the air is increased from a given initial value W 
to the value corresponding to saturation at the temperature 
the enthalpy of the air is increas^ from a given initial value h to the value 
Ab* corresponding to saturation at the temperature /*; the weight of 
water added per pound of dry air is — W and this adds energy of 
amount (TFs* — W) where denotes the specific enthalpy of the 
water as added at the temperature therefore, if the process is strictly 
adiabatic, 

h + {Ws* -- W)}^* « m (7) 

The solution of Equation 7 for given values of h and W is called thermo- 
dynamic wet-bulb temperature. 

Example 1. Find the thermod 3 aiamic wet-bulb temperature of moist air at 80 F, 
50 per cent saturation, atmospheric pressure. 

Solution, From the data of Table 1, the enthalpy of the air is ^ — 19.221 0.50 X 

24.47 = 31.46 Btu/lba (Equation 6). To a first approximation this is the enthalpy at 
saturation at the thermodynamic wet-bulb temperature which is therefore approximately 
67 F. 

At 67 F the humidity ratio at saturation is 0.01424 Ibw/lba and the specific enthalpy 
of liquid water is 35,11 Btu/lbw The humidity ratio of the au is PT « 0,50 X 0.02233 =» 
0.01117 Ibw/lba (Equation 3). Therefore, to a second approximation, the enthalpy at 
saturation at the thermodynamic wet-bulb temperature is he* “ 31.46 -f (0.01424 — 
0.01117) X 35.11 « 31.57 Btu/lba, Equation 7. Interpolation in Table 1 gives as final 
answer, 

« 66.94 F 

The answer can also be read directly on the Mollier Diagram at the intersection of 
the 80 F dry-bulb and 50 per cent saturation lines. 

The psychrometer is an instrument consisting of two thermometers 
one of which has the bulb covered with a suitable wick that has been 
dipped in liquid water and thoroughly wetted by it. On placing the 
wet-bulb of the instrument in an air stream, the liquid begins to evaporate 
from the wick and it is usually assumed that such evaporation brings the 
air immediately adjacent to the wick to saturation. At first this air may 
reach saturation at a higher or lower temperature than that of the liquid 
on the wick; but in a relatively short time the temperature of the liquid 
will have changed to approach equality with that of the air touching 
the wick, even if this requires the liquid to freeze on the wick. Then the 
liquid (or solid) will continue for a time to evaporate into the air stream 
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at this same temperature. This equilibrium temperature is called wet- 
bulb temperature. 

It is clear that the readings of an actual wet-bulb thermometer cannot 
be regarded as values of a thermodynamic property of moist air; for these 
readings are importantly affected by a number of non-thermodynamic 
factors including design, construction, installation, and technique of 
using the instrument. Thus, unless the wet-bulb is effectively shielded 
against radiation from relatively warm surfaces the process will not be 
strictly adiabatic as tacitly assumed in writing Equation 7. Also, partial 
drying of the wick will prevent the air immediately adjacent to it from 
reaching complete saturation as assumed in Equation 7. A working 
theory developed by Arnold ® enables the calculation of corrections to be 
applied to the readings of the actual instrument in order to make them 
agree with the values of temperature calculated from Equation 7. For- 
tunately, and indeed fortuitously, these corrections can be made smedl, 
but to emphasize the necessity of making them in accurate experimen- 
tation, the temperature defined by Equation 7 is called thermodynamic 
wetzbtdb temperature. 

Example iS. Find the degree of saturation of moist air at 90 F dry-bulb, 63 F thermo- 
dynamic wet-bulb, atmospheric pressure. 

Solution. Inserting numerical data from Table 1 into Equation 7 gives 
(21.625 -h 34.31 pl) -f (0.01235 - 0.03118ii) X 31.12 = 28.57 
The solution of this equation is direct and the final answer is 

yi = 19.67 per cent 

The per cent saturation may also be read directly at intersection of 90 F dry-bulb 
and 63 F thermodynamic wet-bulb lines on the Mollier Diagram, 

Example S. Find the temperature to which moist air initially saturated at 40 F and 
at standard atmospheric pressure must be heated in order to have a thermodynamic 
wet-bulb temperature of 60 F. 

Solution. On the Mollier Diagram follow a horizontal line from the saturation curve at 
40 F to its intersection with the 60 F thermodynamic wet-bulb line and read the corre- 
sponding temperature directly. 

Inserting numerical data from Table 1 into Equation 7, this becomes 

ha + 0.005213haa/1^8 « 26.46 - (0.01108 - 0.005213) X 28.12 = 26.295 

At 85 F the lefthand member of this equation has the value 26.147; at 86 F its value is 
26 389; by linear interpolation the answer is: / = 85.61 F. 

Dew-Point Temperature. Corresponding to any given state of moist 
air there exists another state on the saturation curve having the same 
humidity ratio W and same pressure p as the given state. The tempera- 
ture at this other state on the saturation curve is called the dew-point 
temperature of the given state. Obviously, if moist air is cooled at con- 
stant pressure and constant humidity ratio it will reach saturation when 
its temperature falls to a value equal to its dew-point temperature. This 
will usually be marked by the first appearance of a coexisting condensed 
phase. In one type of dew-point apparatus a continuous sample of air 
is passed over a mirror which can be cooled by external refrigeration and 
whose temperature can be accurately measured. The measured tem- 
perature at which the intensity of light reflected from the mirror is ab- 
ruptly diminished by condensation is taken to be the dew-point tempera- 
ture of the air sample. Examples 4 and 5 illustrate the relation between 
the dew-point, degree of saturation and dry-bulb temperature. 
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Example 4* Find the dew-point temperature of moist air at 80 F, 50 per cent satu- 
ration, atmospheric pressure. 

Solution. On the Mollier Dia^am follow a horizontal line from a given state point 
(80 F, 50 per cent) to the saturation curve and read the temperature at the intersection. 

To solve from Table 1 : 

From the data in Table 1, the humidity ratio of the air is TF = 0.50 X 0 02233 « 
0.01117 Ibw/lba. By interpolation this is found to be the humidity ratio at saturation 
at 60.22 F which is therdiore the required answer. 

Example 5, Find the degree of saturation of moist air at 90 F dry-bulb, 40 F (dew- 
point), atmospheric pressure. 

Solution. On the Mollier Diagram follow a horizontal line from 40 F on the saturation 
curve to the 90 F isotherm (dry-bulb) and read the degree of saturation directly. 

To solve from Table 1 : 

From the data in Table 1, the humidity ratio of the air must be IF = 0.005213. But 
the humidity ratio at saturation at 90 F is 0.03118; hence the degree of saturation is 

=» 0.005213/0.03118 - 16.72 per cent 

TYPICAL Am CONDITIONING PROCESSES 

The use of Table 1 and the Mollier Diagram in analyzing typical air 
conditioning processes is best explained by means of illustrative ex- 
amples. In each of the following, it is to be understood that the process 
in question takes place at a constant pressure of 29.921 in. Hg, or standard 
atmospheric pressure. 

Heaimg 

The process of adding heat to moist air is represented by a horizontal 
line on the Mollier Diagram, The length of the line between the initial 
and final state points is the increase of reduced enthalpy; but, since the 
humidity ratio is constant, it is also the increase of enthalpy itself and 
therefore the quantity of heat added per pound of dry air. 

Example 6. Air initially at 20 F, 80 per cent saturation is heated to 120 F. Find 
the quantity of heat required to process 20,000 cfm of heated air. 

Solution, From the data in Table 1: the initial humidity ratio is 0.80 X 0.002152 « 
0.001722 Ibw/lba; the initial enthalpy is 4.804 + 0.80 X 2.302 * 6.646 Btu/lba; the 
final degree of saturation is 0,001722/0.08149 =» 2.113 per cent; the final enthalpy is 
28.841 H- 0.02113 X 90.70 « 30.757 Btu/lba. 

It may be supposed that the air is heated between two sections of a duct. The 
quantities of energy convected across the two sections per pound of dry air crossing 
tinem are the two enthalpies calculated. Conservation of energy requires that the differ- 
ence between these two enthalpies be the quantity of heat added; thus, 

a2b = 30.757 - 6.646 = 24.111 Btu/lba. 

The final volume is 14.611 + 0.02113 X 1.905 = 14.651 cu ft/lba. Since 20,000 cfm 
of heated air is to be processed, the total quantity of heat required is 

aQb « 24.111 X 20,000/14.651 « 32,914 Btu per minute. 

On the Mollier Diagram the process is represented by the horizontal line AB, Fig. 2, 
whose length is the quantity of heat added per pound of dry air. The reduced enthalpy 
at A is 4.92 while that at B is 29.03, both being read directly from the chart. Since 
humidity ratio is constant the difference between these reduced enthalpies is also the 
difference between the enthalpies themselves, namely, 24.11 Btu/lba. 

Cooling 

The process of cooling moist air is also represented by a horizontal line 
on the Mollier Diagram. The line may extend across the saturation curve 
into the two-phase region, nevertheless, the length of the line between 
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Fig. 2. Illustration of Use of Mollier Diagram in Solution of Example 6 

the initial and final states is the quantity of heat removed, or refrigeration 
supplied, per pound of dry air. By following the final isotherm downward 
to the right to the saturation curve and reading the ordinate there, the 
weight of water vapor per pound of dry air in Qie vapor phase is deter- 
mined. The difference between the initial humidity ratio and this ordi- 
nate is the weight of condensed phase per pound of dry air in the final 
state. 

Example 7. Air at 96 F and 60 per cent saturation is cooled to 70 F, Find the 
refrigeration required to process 20,000 cfm of uncooled air. 

Solution, From the data in Table 1; the initial humidity ratio is 0.60 X 0.03673 = 
0.01837 Ibw/lba; the initial enthalpy is 22.827 -f- 0.60 X 40.49 = 43.072 Btu/lba; the 
humidity ratio at saturation at the final temperature is 0 01682 Ibw/lba; the quantity 
of liquid formed is 0.01837 — 0.01682 « 0.00256 Ibw/lba; the enffxalpy of the final 
two-phase mixture is 34.09 + 0.00256 X 38.11 =« 34.187 Btu/lba* 

It may be supposed that the air is cooled between two sections of a duct. The 
quantities of energy convected across the two sections per pound of dry air crossing them 


15 82 24.70 



Fig. 3. Illustration of Use of Mollier Diagram in Solution of Example 7 
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are the two enthalpies calculated. Conservation of energy requires that the difference 
between these two enthalpies be the quantity of heat removed, or refrigeration supplied, 
between the two sections. Therefore, 

-aSb = 43,072 - 34.187 - 8.885 Btu/lba 

The initial volume is 13.980 + 0 50 X 0 822 = 14.391 cu ft/lba. Since 20,000 cfm 
of air is to be processed, the total refrigeration required is 

— aQb = 8.885 X 20,000 14.391 = 12,348 Btu per minute 

On the Mollier Diagram the process is represented by the horizontal line AB, Fig. 3, 
whose length is the quantity of refrigeration required per pound of dry air. 

Adiabatic Mixing of Two Air Streams 

A typical air conditioning process requiring special analysis is the 
adiabatic mixing of two air streams. Referring to Fig. 4 , let mi, m2, mi 
denote the weights of dry air convected across sections Fi, F2, Fs, respect- 
ively, per minute. Then miWi, m2W2, mzWz and mihi, mjhz, m^hz will 



denote the weights of water and the quantities of energy similarly con- 
vected. If the mixing is adiabatic, it must be governed by the three 
equations, 

Wl -f- = Wj 

-f- ifn%W% *= fn{Wz (8) 

WiAi -f* 

Elimination of m% gives, 

ht ^ hi W2 — Wz mi ... 

hi - hi “ IFa - fFi “ mt 


according to which: on the Mollier Diagram the state point of the resulting 
mixture lies on the straight line connecting the state points of the two streams 
being mixed and divides the line into two segments which are in the same 
ratio as are the weights of dry air in the two streams. 

^ Example 8, Outside Air at 0 F and 80 per cent saturation is to be mixed adiabatically 
with recirculated Inside Air at 70 F and 20 per cent saturation in the ratio of one pound 
of dry air in the former to seven in the latter. Find the temperature and degree of 
saturation of the resulting mixture. 

Solution. The humidity ratio Wt and the enthalpy h of the resulting mixture must 
satisfy Equations 9, namely, 


0.003164 - Wi 20.270 - h 1 
Wi - 0.000630 "‘hi- 0.668 " 7 
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from which: W% = 0.002847, hz = 17.820. At the temperature of the resulting mixture, 
therefore, 

ha + 0.002847 hzz/Wz « 17.820 

At 61 F the lefthand member of this equation has the value 17 750; at 62 F its value is 
17.991; by interpolation the temperature of the resulting mixture is 61.29 F where the 
humidity ratio at saturation, also by interpolation, is 0 01161; hence the degree of 
saturation of the resulting mixture is 

ti. = 0.002847 -f- 0.01161 « 24.52 per cent 

On the Mollier Diagram, Fig. 5, a straight line is drawn between point 1 (0 F, 80 per 
cent) and point 2 (70 F, 20 per cent) ; then point 3 is located on the line one-eighth of the 
distance from point 2 to point 1. The temperature and degree of saturation at point 3 
are read directly. 

Adiabatic A^Bxing with Iniected Water 

Another typical air conditioning process is that of injecting water into 
an air stream to mix with it adiabatically. Let — Wi, denote the 
increase in humidity ratio of the air; this is obviously the quantity of 
water injected per pound of dry air; it follows that the quantity of energy 
injected per pound of dry air is "" ^i)^» where Aw denotes the 
specific enthalpy of the water as injected; if the process is adiabatic 
this produces an equal increase in the enthalpy of the air, namely, 
A2 — All therefore, 


- Wi) (10) 

according to which: the process of injecting water into an air stream to 
mix adiabatically with it is represented by a straight line on the Mollier 
Diagram whose direction is fixed by the specific enthalpy of the water as 
injected. The protractor drawn on the Mollier Diagram provided with 
this book provides a convenient means for determining this direction. 

Example 9, It is desired to increase the humidity ratio of air at 70 F dry-bulb, 
without changing its temperature. Under what conditions may water be injected in 
order to accomplish the desired result? 

Solution, At 70 F the increase of enthalpy per unit increase of humidity ratio is 
Jhjz/Wz “ 17.27 0,01582 « 1092 Btu per pound of water. This must be the specific 

enthalpy of the water added if the state point of the air is to be moved along the 70 F 
isotherm. Saturated steam at 668 F has this specific enthalpy*. 

On the Mollier Diagram, Fig. 6, it is seen that the 70 F isotherm is parallel to the line 
on the protractor for a specific enthalpy of 1092 Btu per pound. 

Adiabatic Saturation 

Any process by which the state point of moist air is moved to the 
saturation curve adiabatically may properly be called adiabatic satu- 
ration. 

Example 10, Liquid water chilled to 35 F is evaporated into an air stream initially at 
90 F and 50 per cent saturation. How much water must be evaporated to bring the air 
to saturation at what temperature? 

Solution, The initial enthalpy of the air is 21.625 + 0.50 X 34.31 = 38.780 Btu/lba; 
the initial humidity ratio is 0.50 X 0.03118 = 0.01559 Ibw/lba; the specific enthalpy 
of the chilled water is 3.06 Btu/lbw; therefore, the temperature at which the air reaches 
the saturation curve must be such that the enthalpy 1h and humidity ratio at satu- 
ration satisfy the equation, 

hn-iWe- 0.01559) X 3.06 « 38.780 

The solution is 75.19 F where the humidity ratio at saturation is 0.01894; consequently, 
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Fig. 5. Illustration of Use of Mollier Diagram in Solution of Example 8 



Fig. 6. Illustration of Use of Mollier Diagram in Solution of Example 9 



Fig. 7. Illustration of Use of Mollier Diagram in Solution of Example 10 
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the weight of water evaporated is 0.01894 — 0.01559 = 0.00335 lb per pound of dry air. 

On the Mollier Diagram, Fig, 7, a line is drawn through the initial state point (90 F, 
50 per cent saturation) in the direction given by the protractor for a specific enthalpy 
of 3.06 Btu/lbw. 

If air is saturated adiabatically with spray water which is recirculated, 
the water will ultimately assume a temperature such that the air is 
brought to saturation at exactly the same temperature; that is, the water 
will assume the thermodynamic wet-bulb temperature of the air. 

Example 11, Air at 75 F and 60 per cent saturation is saturated adiabatically with 
recirculated spray water. Find the resulting temperature and the weight of water 
added per pound of dry air. 

Solution, In view of the foregoing remarks the solution of this example reduces to the 
determination of the thermodynamic wet-bulb temperature of the air. Its humidity 



Fig. 8. Illustration of Use of Mollier Diagram in Solution of Example 11 


ratio is 0.60 X 0.01882 = 0.01129; its enthalpy is 18 018 + 0 60 X 20 59 = 30.372; 
Equation 7 defining thermodynamic wet-bulb temperature becomes 

hs* - (W - 0.01129);^* = 30.372 

At 65 F the value of the lefthand member is 29.995; at 66 F its value is 30.746; by inter- 
polation the thermodynamic wet-bulb temperature is 65.51 F where the humidity ratio 
at saturation is 0 01350; consequently the weight of water added is 0.01350 — 0.01129 *» 
0.00221 lb per pound of dry air. 

On the Mollier Diagram, Fig. 8, the process is represented by the line AB which is a 
segment of the 65.51 F thermodynamic wet-bulb line. The difiference between the ordi- 
nates at B and at A is the weight of water added per pound of dry air. 

Cooling Load 

The problem of calculating the cooling load for an air conditioned space 
usually reduces to the determination of the quantity of inside air that 
must be withdrawn and the condition to which it must be brought by 
suitable processing so that its return to the conditioned space will have 
the net effect of removing given amounts of energy and water from the 
space. 

Let M denote the weight of dry air withdrawn with inside air per hour. 
With it will be withdrawn energy of amount Mhi and water of amount 
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MWi per hour, where hi and Wi denote the enthalpy and humidity ratio 
of the inside air, respectively. The weight of dry air returned with the 
conditioned air will necessarily be the same as that withdrawn with the 
inside air, but with it must be returned a smaller quantity of energy ilfA 
and a smaller quantity of water MW. LetAQ and LW denote the given 
amounts of energy and water to be removed from the conditioned space 
per hour; then 

Mh « Mhi — AQ 
MW =» MWi - ATT 


Eliminating M and letting q denote the ratio of energy removed to 
water removed, that is, g = A0/ATF, 


A — 

W -Wi “2 


( 11 ) 


according to which: all possible states for the conditioned air lie on a 
straight Une on the MolUer Diagram passing through the state point of the 
inside air in the direction specific by ike numerical value of the ratio q. This 
line is called the condition Une for the given problem. If the condition line 
crosses the saturation curve, the point of intersection is called the appa- 
ratus dew-point for the given problem. 

The protractor on the Mollier Diagram facilitates the drawing of the 
condition line and the locating of the apparatus dew-point. For this 
purpose the numerical value of the ratio q is to be regarded as a value 
of the specific enthalpy of water added, Btu per pound. 

Example IB, A condition of 80 F dry-bulb, and 67 F thermodynamic wet-bulb, is 
to be maintained in a clothing store, outside conditions being 95 F diy-bulb, and 75 F 
thermodynamic wet-bulb. The energy gain from normal heat transmission is estimated 
at 16,000 Btu per hour, that from solar radiation at 48,000 Btu per hour. The energy 
generated by lights, fans, etc. is estimated at 13,900 Btu per hour. The ventilation 
requirement is 30,000 cu ft per hour. The number of occupants is 50. Find the ap- 
paratus dew-point. 

Solution, The properties of inside air and outside air are readily calculated from the 


data in Table 1, see especially Example 2. 


iNsiDB Air 

Outside Air 

ix = 0,5024 

0.3848 

h = 31.614 

38.408 

W = 0,01122 

0.01413 

V = 

14.296 


The weight of dry air entering with the ventilating air is 30,000/14.296 = 2098.6 lb 
per hour which brings with it energy of amount 2098.5 X 38.408 == 80.695 Btu per hour 
and water of amount 2098.6 X 0.01413 «= 29.659 lb per hour. 

The weight of diy air displaced from the store by the ventilating air is 2098.5 lb per 
hour which takes with it energy of amount 2098.5 X 31.514 = 66,132 Btu per hour and 
water of amount 2098.6 X 0.01122 - 23.541 lb per hour. 

Each occupant may be regarded as a normal person standing at rest and evaporating 
Q386 grains) 0.198 lb of water per hour (value obtained by interpolation between 
Curves D and C Fig. 7, Chapter 12) at about 79 F. From this source there is water of 
amount 60 X 0.198 « 9 90 lb per hour and energy of amount 9.90 X 1095.7 — 10,847 
Btu per hour added to the conditioned space. In addition each occupant loses 225 Btu 
per hour by conduction, convection, and radiation, making a total for 60 persons of 
11,300 Btu per hour. 

The net energy gain is 16,000 -f- 48,000 -h 13,900 + 80,596 - 66,132 •+- 10,847 -f 
11,300 « 114,510 Btu per hour. The net water gain is 29.659 — 23.541 + 9.^ « 16.018 
lb per hour. Accordingly the direction of the condition line is fixed by the ratio, g 
114,610 16.018 “ 7148.8 Btu per pound of water. 

On the Molher Diagram, Fig. 9, the direction of the condition line is given by the pro- 
tractor for a specific enthalpy of water added of 7148.8 Btu per pound. The line itself 
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passes through the state point of the inside air and intersects the saturation curve at 
the apparatus dew-point. 

According to Equation 11 the enthalpy ha and humidity ratio Ws at the apparatus 
dew-point must satisfy the equation 

7148.81^s - As = 7148.8 X 0.01122 - 31.514 « 48.681 

At 58 F the left-hand member has the value 48.513; at 59 F its value is 50.641; by inter- 
polation the apparatus dew-point is 58.08 F. 

It would be a mistake to assume that the refrigeration to be supplied 
is equal to the net energy to be removed; for in general water is to be 
removed simultaneously and unless this is removed as liquid at 32 F it 
will automatically take some energy with it. Thus, unless the water is 
removed as solid (ice) the refrigeration to be supplied will be somewhat 
less than the net energy to be removed. 

Emmple IS, Referrin|f to the cooling load problem of Example 12, suppose that the 
conditioning process consists of cooling a portion of the inside a%r to the apparatus dew- 
point temperature, separating out the liquid thus formed, and returning the resulting 
saturated mixture to the conditioned space. Find the quantity of ins%de air that must 
be processed in this manner and the corresponding quantity of refrigeration required. 



Fig. 9. Illustration of Use of Mollier Diagram in Solution of Example 12 


Solution, During the cooling operation the enthalpy of the inside air is reduced 
to the value, 

h = 25.17 + (0.01122 - 0.01033) X 26.20 = 25.193 

where 25.17 and 0 01033 are the values of enthalpy and humidity ratio at saturation 
at the apparatus dew-point temperature and 26.^ is the specific enthalpy of liquid 
water at that temperature. It follows that the quantity of refrigeration required is 
31.514 — 25.193 « 6.321 Btu per pound of dry air. 

The insi^ air being processed leaves the store with an enthalpy of 31.514 and is 
returned with an enth^y of 25.17 ; it therefore removes energy of amount 6 344 Btu 
per pound of dry air. This means that the weight of dry air involved in the process is 
114,610y6.344 == 18,050 lb per hour and that the total refrigeration to be supplied is 
18,050 X 6.321 = 114,090 Btu per hour, or 9.508 tons. 

The quantity of liquid separated out during the conditioning process is 18,050 X 
(0.01122 — 0.01033) = 16.018 lb per hour as required. In leaving the apparatus it 
takes with it energy of amount 16.018 X 26.20 « 420 Btu per hour. This plus the 
refrigeration accounts for the total energy removal of 114,510 jotu per hour as required. 

On the Mollier Diagram, Fig. 10, the cooling operation is represented by line AB whose 
length is the quantity of refrigeration per pound of dry air; the separation of the liquid 
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formed in the cooling operation is represented by line BC whose projection on the 
ordinate axis is the quantity of liquid so separated per pound of dry air. Point C is the 
apparatus dew-point and lies on the condition line as required. 

In practice it may not be feasible to choose the apparatus dew-point 
as the point on the condition line to which to condition the inside air 
because to do so would require an excessive number of air changes in the 
given space. Or it may be that the condition line does not cross the 
saturation curve at all so that the apparatus dew-point as defined does 
not exist. Finally, it is rarely possible to obtain complete saturation in 
conventional air conditioning apparatus. Nevertheless the requirements 
of the cooling load problem can be exactly met if the conditioned air 
is brought to any point on the condition line of the problem. 

Heating Load 

The condition line is also useful in the analysis of heating load problems 
as may best be illustrated by means of an illustrative example. 

^ Example H. A certain space is to be maintained at 70 F and 50 per cent saturation 
with outside conditions at 0 F and 80 per cent saturation. The normal heat trans- 
mission through walls, partitions, floor, roof, ^lass and doors is estimated at 75,000 Btu 
per hour. Energy gain^ from lights and appliances is estimated at 15,000 Btu per hour. 



Fig. 10. Illustration of Use of Mollier Diagram in Solution of Example 13 


Energy and water gains from occupants are to be disregarded in the calculations. Double 
doors and windows are used so that infiltration is negligible. The ventilation require- 
ment is 30,000 cu ft per hour of outside air. 

The requirements of the problem are to be met in the following manner; preheat the 
ventilating air\ mix it adiabatically with recirculated inside air; saturate the mixture 
adiabatically with recirculated spray water; heat the resulting mixture to 105 F and 
return it to the conditioned space as supply air. 

Analysis, Every pound of dry air admitted to the system (air conditioned space plus 
air conditioning apparatus) with the ventilating air displaces a pound of dry air from the 
system with inside air. Since the ventilating air is not admitted directly to the space, 
then for every pound of dry air withdrawn with inside air there is a pound of dry air 
returned with supply air. This has to have the net effect of adding energy of amount 
60,000 Btu per hour and water of amount ssro pounds per hour. Thus the ratio q deter- 
mininp: the direc^on of the condition line is infinite, which means that the condition line 
is horizontal as indicated by the protractor on the Mollier Diagram. 

The properties of inside air are: h » 25.451, PF * 0 007910. Since the state point 
of the supfiy air must be on the condition line at 105 F, its properties are: h « 33.986, 
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W = 0.007910. Therefore the weight of dry air withdrawn with inside air and returned 
with supply air is 60,000 (33.986 — 25.451) = 7029.9 lb per hour. 

The properties of outside air are: h = 0.668, PT = 0 0006298, v «= 11.590. Therefore 
the weight of dry air introduced into the system with the ventilating air is 30,000 -5- 
11.590 — 2588.4 lb per hour. This ventilating air is to be mixed adiabatically with inside 
air containing 7029.9 — 2588.4 » 4441.5 lb of dry air per hour; therefore, flbe humidity 
ratio of the mixture must be (2588.4 X 0.0006298 + 4441.5 X 0 007910) -5- 7029 9 = 
0.005229. 

The condition line crosses the saturation curve at 50.86 F where the enthalpy is 20.782 
and the humidity ratio is 0.007910. This is the state ijoint to be reached by adiabatic 
saturation of the mixture of ventilating atr and inside air with recirculated spray water. 
Accordingly, the state point of the mixture must lie on the 50.86 F thermodynamic wet- 
bulb line so that its enthalpy must have the value, 

h = 20.782 - (0.007910 - 0.005229) X 18.97 = 20.731 

This requires that the enthalpy of the preheated ventilating air have the value, 

h = (7029.9 X 20.731 - 4441.5 X 25.451) -4- 2588.4 * 12.632 

Since the humidity ratio of the preheated ventilating air is known to be 0.0006298, its 
temperature is readily found to be 49.75 F. 

The quantity of heat required for preheating the ventilating air is 2588.4 X (12.632 — 
0.668) = 30,968 Btu per hour; that to be added to the supply air is 7029.9 X (33.986 — 



Fig. 11. Illustration of Use of Mollier Diagram in Solution of Example 14 


20.782) = 92,823 Btu per hour; the energy added with the spray water is 7029.9 X 
18.97 X (0.007910 — 0.005229) = 357 Btu per hour; that introduced into the system 
with the venHlating air is 2588.4 X 0,668 = 1729 Btu per hour; that carried out of the 

S ystem with the inside air displaced by the ventilating air is 25^.4 X 25.451 « 65,877 
tu per hour; therefore, the net energy added to the system is 30,968 4- 92,823 -f 357 + 
1729 — 65,877 « 60,000 Btu per hour as required. 

On the Mollier Diagram, Fig. 11, point A is the state point of the inside air. The con- 
dition line is horizontal so that point D is the state point of the supply air. The condition 
line crosses the saturation curve at point C so that the state point of the mixture of 
preheated ventilating air and inside air before adiabatic saturation with recirculated 
spray water must lie somewhere on the thermodynamic wet-bulb line through C. The 
state point of the ventilating air is point B, hence that of the preheated ventilating air 
must lie somewhere on the homontal line through B. Its exact location is determmed 
graphically by finding the straight line AF which is cut by the thermodynamic wet-bulb 
line throuOT C into two segments such that AE : AF *=» ^88.4 : 7029.9. The length of 
the line BF is the quantity of heat required for preheating the ventilating air ^ pound 
of dry air; the lenrth of tiie line CD is the quantity of heat to be added to the supply 
air, per pound of dry air. 
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WET-BULB TEMPERATUBES BELOW 32F 

A condition in which the water evaporating from the wick of a wet-bulb 
thermometer remains liquid at 32 F or lower is one of metastable equi- 
librium and should therefore not be expected to occur in practice. The 
evidence that it does sometimes occur appears to be indirect and incon- 
clusive. Stable equilibrium requires that the water freeze at 32 F or 
lower and is the condition to be expected in practice. On the Mollier 
Diagram the lines of constant thermodynamic wet-bulb temperature have 
been drawn for stable equilibrium only. In other words it has been 
assumed that the water evaporating from the wick of the wet-bulb 
thermometer freezes when its temperature falls to 32 F or lower. 

Example 15. Find the temperature at which dry air has a thermcxlynamic wet-bulb 
temperature of 32 F. 

Solution. If it is assumed that the water evaporating from the wick of the wet-bulb 
thermometer remains liquid, the specific enthalpy of the dry air must have the value, 

ks. « 11,758 - 0.04 X 0.003788 = 11.768 

corresponding to which the temperature is 48.95 F. On the other hand if it is assumed 
that the water freezes, the specific enthalpy of the dry air must have the value, 

Aa = 11.758 -h 143.36 X 0.003788 = 12 301 

corresponding to which the temperature is 51.21 F. The second assumption is the as- 
sumption of stable equilibrium and should be expected to represent the actual situation 

The corresponding answer, namely 51.21 F, is the one given by the Mollier Diagram 
at intersection of 32 F thermodynamic wet-bulb and 0 per cent saturation. 


DALTON'S RULE 

As stated in the introduction the thermodynamic properties of moist 
air have hitherto been obtained from those of dry air and water vapor 
separately by application of Dalton’s Rule. Actual departures from the 
rule are due principally, but not entirely, to intermolecular forces; 
therefore, in order to apply the rule with any measure of consistency it 
is necessary to idealize the situation by assuming that the effects of such 
intermolecular forces are negligible and that both the dry air and the 
water vapor behave like perfect gases. Making this assumption, the 
volume »T occupied by TZa mols of dry air at temperature T and pressure 
pa is vt = «ai2F/pa while that occupied by mols of water vapor 
at the same temperature but at pressure pw is = fhrRT/p^. According 
to Dalton’s Rule, if the dry air and water vapor are mixed, each occupies 
the whole volume of the mixture at the temperature of the mixture and 
the pressure of the mixture is the sum of the individual pressures. Mathe- 
matically, 

_ _ n^ET __ n^RT __ (wa + nw)RT 

^ ^ p;; p 

It follows from these equations that the so-called partial pressure of 
each constituent is its mol-fraction times the observed pressure of the 
mixture; thus, for water vapor, 


Pw 


nw 

fta + nw 


P 


(13) 


and similarly for dry air. Equation 13 may be regarded as the Dalton 
Rule definition of partial pressure in terms of the observable terms 

«a, «w, p. 



Thermodynamics 


67 


The humidity ratio W is the mol ratio times the ratio of mole- 
cular weights, namely, 18.016/28.966 = 0.6220; hence Equation 13 
can be written 


W - 0.6220 


(14) 


Now, even if it is assumed that both the dry air and the water vapor 
behave like perfect gases, it does not follow that at saturation the partial 
pressure of the water vapor can be put equal to the saturation pressure 
of pure water at the temperature of the mixture because: ( 1 ) the coexisting 
liquid (or solid) phase is not pure water but contains a small amount of 
dissolved air, and ( 2 ) the coexisting liquid (or solid) phase has to support 
the observed pressure p and not just the saturation pressure p^ of pure 
water. These effects are calculable but are in general smdler than the 
effects of intermolecular forces which have^ already been ignored. Be- 
sides, the only legitimate reason for retaining Dalton’s Rule is to gain 
simplicity; hence these effects should be disregarded also, and the humi- 
dity ratio at saturation estimated as follows, 

Ws = 0.6220 - (16) 

p — Pa 


In this chapter the ratio WIW^ has been called degree of saturation 
and denoted by the greek letter ji. The ratio PvrfPa has long been called 
relative humidity and will be denoted by the Greek letter 9 . Equations 
14 and 15 can be combined to give 


^ ^ 1 - Pa/ P 

1 — <9Pb/P 

(16) 

which can be inverted to give 


“ 1 - (1 - v)pa/p 

(17) 


Example 16, Find the relative humidity of moist air at 180 F, 20 per cent saturation. 
Solution, Inserting numerical data from Table 1 into Equation 17, the answer is 


* “ 1 - 0.80 X 16.294/29.921 


Example 17, Find the degree of saturation of moist air at 70 F, 50 per cent relative 
humidity. 

Solution, Inserting numerical data from Table 1 into Equation 16, the answer is 




0.50 


1 - 0.73915/29.921 
1 - 0.50 X 0.73915/29.921 


0.4937 


The foregoing examples show that th^e is a substantial difference 
between d^ree of saturation and relative humidity, particularly at 
higher temperatures. Of course, they both have the value zero for dry 
air and the value unity for saturated moist air regardless of the tem- 
perature. 

A Dalton Rule expression for the volume of moist air per pound of 
dry air obtainable directly from Equation 12 is 

,x« 

where 

jRa gas constant for dry air « 1545.31 *5- 28.966 =» 53.349 (ft/F). 
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Rw =* gsLs constant for water vapor =» 1545.31 -i- 18.016 =» 85.774 (ft/F). 

This expression is of the form of Equation 4. 

According to Dalton’s Rule the enthalpy of moist air is the sum of 
separate contributions from the dry air and the water vapor; thus, 

A - + ii(WsK) (19) 


where, to be consistent, the specific enthalpies Aa and should be 
allowed to vary with temperature only, not with pressure or compo- 
sition. This expression is of the form of Equation 5. 

Within the accuracy of Dalton’s Rule the following empirical equations 
give suitable values of ha and h^: 

ha » 0.240« 

Aw =» 0.444/ -h 1061 (20) 

Equation 7 defining thermodynamic wet-bulb temperature may be 
written in the form, 

A - A* -h (Ws* - TF)Aw* =» As* - A» 


If the quantity h' that has been subtracted from both sides is understood 
to be the enthalpy at the thermodynamic wet-bulb temperature t* but 
at the humidity ratio W, then within the accuracy of Dalton’s Rule 

A - A* « (0.240 -h 0.444PF)(/ - /*) 

As* - A* « (1061 -f 0.444^*)(TFs* - W) 

Aw* = /* - 32 


With these approximations Equation 7 becomes 


Ws* - W 


0.240 -j- 0.444TF . 

1093 - 0.566/* ^ ^ 


( 21 ) 


Carrier * has modified Equation 21 by introducing further approxi- 
mations as follows, 

Ws* = o.m2ops*/(p - ^ 8 *) 

W = 0.Q220pw/(p - pB*) 

0.444 W = 0 


the first of which is part of Dalton’s Rule. The result is 
Pw ^ p9* - 2830 - L44/* 

except that the numerical values of the constants in the denominator of 
the rightmost term are somewhat different than Carrier’s. 

Equation 22 permits direct calculation of the partial pressure ^ from 
observed values of pressure p, temperature and wet-bulb temperature 
/*, assuming that information is available regarding the saturation 
pressure ps. The ratio Pw/Pb is the so-called relative humidity. 

Example 18, Find the relative humidity of moist air at 90 F dry-bulb, and 63 F 
(thermodynamic wet-bulb). 

Solution. At 63 F the value of the saturation pressure is 0.58002 in. Hg. Therefore 
at atmospheric pressure (29.921 in. Hg), 

p^ » 0.58002 - 29.341 X 27/2739 » 0.2908 in. Hg 
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The relative humidity is 

9 = 0.2908/1.4219 « 0.2045 

the denominator being the value of saturation pressure at 90 F. 

From Equation 16 may be computed the corresponding degree of saturation, the 
result being 

IJL = 19.67 per cent 

in remarkably close agreement with the answer to Example 2. 


STEADY FLOW ENERGY EQUATION 

In steady flow, the energy convected by the fluid at any section is the 
sum of (a) kinetic energy due to velocity; (b) gravitational energy due 
to elevation; (c) enthalpy due to the condition of pressure, temperature 
and composition of the fluid. 


Kinetic Energy 

There are reasons to believe that the so-called velocity pressure Jh 
read by a Pitot tube is simply the kinetic energy per unit volume of the 
fluid immediately upstream from the tube, as application of Bernoulli's 
Equation suggests. Thus 

V - 1097.3 (23) 

where 

V = veloaty, feet per minute. 
hy = velocity pressure, inches of water at 60 F. 
p = density of fluid, pounds per cubic foot. 


In the case of flow through a duct, the velocity pressure is found to vary 
considerably over the section and a traverse has to be made. The cross- 
sectional area of the duct is divided into a number of equal concentric 
areas, and measuring stations are located at centroidal points in each area 
along two perpendicular diam^ers. Usually the ultimate object is to 
determine an average velocity V from which the weight of fluid crossing 
the section per unit time can be obtained on multiplying by the cross- 
sectional area of the duct and by the density of the fluid. This is obtained 
by simply averaging the square roots of all measured velocity pressures 
as follows: 

— 1097.3 / 

vT 

where 

V average velocity, feet per minute. 

m av ” arithmetic average of the square roots of all measured velocity pressures, 
inches of water at 60 F. 


But the item of present importance is the average kinetic energy con- 
vected with each pound of fluid. Consistently with the previous discus- 
sion, this can be shown to be 


KE 


0.006678 V 



(26) 
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where 

KE *= average kinetic energy, Btu per pound. 

V » specific volume, cubic feet per pound. 

« arithmetic average of the 3/2-powers of all measured velocity pressures, 
inches of water at 60 F. 

If the velocity pressure were uniform over the section, Equations 24 
and 25 could be combined to give 

** - (hSo)’ « 

But, it is interesting to note that if the velocity varies parabolically from 
zero at the walls to maximum at the center as it does in the case of purely 
viscous flow in a circular duct, then the average kinetic energy is tnmce that 
given by Equation 26. 

Example 19. If 2000 cfm of air flow through an 8 in. diameter circular duct, find 
the average kinetic energy per pound of air. 

Solution. The cross-sectional area of the duct is 0.349 sq ft; hence the average flow 
velocity is 6730 fpm. If the velocity were uniform over the section, the average Mnetic 
energy would be (5730 13,430)* » 0.182 Btu per pound. But it is more hl:ely that 

the actual distribution of vriocity would approximate that characteristic of viscous 
flow; hence the average kinetic energy would be more nearly 2 X 0.182 « 0.364 Btu 
per pound. 


Gravitational Energy 

The potential energy due to elevation Z (feet) above any convenient 
datum is simply Z -f- 778.3 Btu per pound of fluid. In the case of moist air, 


where 


PE 


778.3 


PE = average potential energy, Btu per pound dry air. 
Z =» average elevation, feet. 

W — humidity ratio, pound water per pound dry air. 


(27) 


Enthalpy 

No further discussion of enthalpy is required. It may be well to 
emphasize, however, that enthalpies have been figured on the basis of 
one pound of dry air. 


Heat and Shaft Work 

Between any two sections 1 and 2 in an apparatus through which 
steady flow occurs, there may be heat absorbed from outside, ig 2 i Btu per 
pound of dry air, and shaft work rmioved to outside, iht Btu per pound 
of dry air. If heat is actually rejected to outside, ip is intrinsically 
negative; and if shaft work is actually put in from outside, ik is intrinsi- 
cally negative. 

Steady-flow Energy Equation 

A complete energy accounting takes the form of Equation 28 which 
is usually referred to as the steady-flow energy equation. 

iff2 (As -b KB» -f- PEa) — (Ai + KEi -|- PEi) -f ik 


(28) 
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where 

ig% B heat added from outside hetween sections 1 and 2, Btu per pound dry air. 
h% ■» enthalpy of the mixture at section 2, Btu per pound dry air. 

KEt = average kinetic energy ai section 2, Btu per pound dry air. 

PEx “ average potential energy at section 2, Btu per pound dry air. 
hi — enthalpy at section 1, Btu per pound dry air. 

KE\ — average kinetic energy at section 1, Btu per pound dry air. 

PEi « average potential energy at section 1, Btu per pound dry air. 
ih *= shaft work withdrawn between sections 1 and 2, Btu per pound dry air. 

In Equation 28 all quantities are per pound of dry air. If Equation 25 
is used in computing average kinetic energy, the result will be in Btu 
per pound of dry air if v is taken as volume per pound of dry air. If 
Equation 26 is used, multiplication by (1 + as in Equation 27 is 
required though this is a refinement seldom justified. 

Thermodynamic properties of water at saturation are given in Table 2 
for the range —160 to +212 F. 


U. S. STANDARD ATMOSPHERE 


The so-called U. S. Standard Atmosphere is an essential standard of 
reference in aeronautics and as such has become important to the air 
conditioning engineer who frequently has to simulate atmospheric con- 
ditions at high altitudes in connection with aeronautical research. In 
defining this standard it is first assumed that temperature T varies 
linearly with altitude Z above sea level, at any rate up to the lower limit 
of the isothermal layer at 35,332 ft. Thus, 

r = To - 0.0019812 Z (29) 

or 

=* —0.0019812 (degree Centigrade per foot) (30) 

The second assumption is the validity of the perfect gas laws, namely, 

Pv =3 RT (31) 


A horizontal disc of air having unit cross-sectional area (1 sq ft) and 
vertical thickness dZ (ft) weighs dZ/v (lb). This accounts for the dif- 
ference of pressure dP (lb per sq ft) between the upper and lower faces 
of the disc; hence, using Equation 31 


dZ^ 


RTdP 

P 


(32) 


Equations 30 and 32 can be combined to eliminate Z and then in- 
tegrated to obtain the relation between pressure and temperature, namely, 


T [ P 
To \Po/ 


(33) 


The values To = 288 K and Po = 29.921 in. Hg are parts of the definition 
of the standard atmosphere. 

Values of pressure and temperature are listed in Table 5 for altitudes 
in the standard atmosphere from —1,000 to 50,000 ft above sea level. 
Values for altitudes below the lower limit of the isothermal layer conform 



i^ULjurmK. 6 


iy4/ t^uiae 


/z 


to Equations 29 and 33. For further explanation, reference (7) should 
be consulted. 


Table 5. Pressure and Temperature for Altitudes in 
U. S. Standard Atmosphere 


Altitude Feet 

Pressure In. of Hg 

Tbacp F 

Z 

P 

t 

- 1,000 

31.02 

+62.6 

- 500 

30.47 

+60.8 

0 

29.921 

+59.0 

+ 500 

29.38 

+57.2 

+ 1,000 

28.86 

+55.4 

+ 5,000 

24.89 

+41.2 


20.58 

+23.4 


16.88 

+ 5.5 


13.75 

-12.3 

11.10 

-30.1 


8.88 

-47.9 

35,000 

7.04 

-65.8 

40,000 

5.54 

-67.0 

45,000 

4.36 

-67.0 

50,000 

3.436 

-67.0 


LETTER SYMBOLS USED IN CHAPTER 3 

(I. degree of saturation or per cent saturation. 

p = density of fluid, pounds per cubic foot. 

9 = relative humidity (decimal). ' 

a = ratio of apparent molecular weight of dry air (28.966) to the molecular 
weight of water (18.016) =» 1.6078. 

A = coeflUcient from Table 4 for use in Equation 4a (obtained from Table 4). 

B = coefficient to be used in Equation 5a (obtained from Table 4). 

C = coeflScient for use in Equation 6a (obtained from Table 4). 

h = enthalpy of moist air, Btu per pound of dry air. 

h » enthalpy correction term to be added above 150 F, to enthalpy. 

Aa = specific enthalpy of dry air, Btu per pound. 

hoB ha — hsi = the difference between the enthalpy of moist air at saturation 
per pound of dry air, and the specific enthalpy of the dry air itself, 
Btu per pound of dry air. 

As* ~ enthalpy of moist air at saturation at thermodynamic wet-bulb tempera- 
ture^ Btu per pound of dry air. 

As ®= enthalpy of moist air at saturation per pound of dry air, Btu per pound 
of dry air. 

Av = velocity pressure, inches of water at 60 F. 

Aw — specific enthalpy of condensed water OiQuid or solid) at standard pres- 
sure, Btu per pound water. 

Aw* = speafic enthalpy of water as added at the thermodynamic wet-bulb 
temperature f*, Btu per pound of dry air. 

K = Kelvin degrees. 

KE = kinetic energy, Btu per pound. 

KE = average kinetic energy, Btu per pound. 

I « shaft work withdrawn, Btu per pound of air. 

ih ** shaft work withdrawn between sections 1 and 2, Btu per pound of air. 
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LEHER SYMBOLS (Continued) 

m « weight of dry air crossing any duct section, pounds per minute. 

wi, fTZa, ffiz = weights of dry air convected across sections Fi, F 2 , Fz respectively, 
pounds per minute. 

M = weight of dry air withdrawn with inside air, pounds per hour. 

«a =* mols of dry air. 

«w — niols of water vapor. 

p =* total pressure of a mixture of air and water vapor, pounds per square 
inch or inches Hg. 

pA = partial pressure of air, pounds per square inch or inches Hg. 

ps = saturation pressure of pure water vapor, pounds per square inch or 
inches Hg. 

= partial pressure of water vapor in mixture of air and water vapor, 
pounds per square inch or inches Hg. 

P * atmospheric pressure, inches Hg. 

Po = standard atmospheric pressure by definition 29.921 in. Hg. 

PE = potential energy, Btu per pound dry air. 

PE — average potential energy, Btu per pound dry air. 

q == ratio of enei^ added (or removed) to water added (or removed), Btu 
per pound. Also called speafic enthalpy of water added. 

iQz = heat added between sections 1 and 2, Btu per pound dry air. 

aQb “ heat added between sections A and B per pound of dry air, Btu per 
pound. 

aQb = total heat added between sections A and B, Btu per minute. 

AQ = energy to be removed from or added to conditioned space, Btu per hour. 

R =» universal gas constant. 

Fa = gas constant for dry air. 

F^ = gas constant for water vapor, 

5 == entropy of moist air per pound of dry air, Btu per (pound) (Fahrenheit 
degree). 

5 = correction to be added to entropy of moist air obtained from Equation 6. 

s » additional correction to be added to entropy because of “mixing 
entropy” (obtained from Table 4). Correction to be added to value of 
^ obtained from Equation 6. 

Sa =* specific entropy of dry air, Btu per (pound) (Fahrenheit degree, ab- 
solute). 

Sbs = the difference between the entropy of moist air at saturation per pound 
of dry air, and the specific entropy of the dry air itself, Btu per (pound 
of dry air) (Fahrenheit degree, absolute). 

Js = entropy of moist air at saturation per pound of dry air, Btu per (pound 
of dry air) (Fahrenheit degree, absolute). 

Svr — specific entropy of condensed water (liquid or solid) at standard atmos- 
pheric pressure, Btu per (pound of water) (Fahrenheit degree, absolute). 

=» thermodynamic wet-bulb temperature, Fahrenheit degrees. 

#(F) = temperature, Fahrenheit degrees. 

T = absolute temperature, Fahrenheit degrees. 

To = standard atmospheric temperature, by definition 288 Kelvin degrees. 

V = volume of moist air per pound of dry air, cubic feet per pound. 

V « correction to be added to volume of moist air per pound of dry air, 

above 150 F. 

Va — specific volume of dry air, cubic feet per pound. 
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LEHER SYMBOLS (Continued) 

Vaa =* — VsLt the difference between volume of moist air ai saturatwn, per 

pound of dry air, and the volume of the dry air itself, cubic feet per 
pound of dry air. 

i/s = volume of moist air at saturation per pound of dry air, cubic feet per 
pound of dry air. 

»r = total volume, cubic feet. 

V = velocity, feet per minute. 

V = average velocity, feet per minute. 

W = humidity ratio, of moist air, pounds of water per pound of dry air. 

ATF « water to be removed from (or added to) conditioned space, pounds 
per hour. 

W% — humidity ratio, at saturation, weight of water vapor per pound of dry 
air, pound per pound. 

Wb* humidity ratio corresponding to thermodynamic wet-bulb temperature 
i*, pounds of water per pound of dry air. 

Z elevation above any datum, feet. 

Z = average elevation, feet, 
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Theory; Pressure Loss in Circular and Non-Circular Pipes; 
Compressible Fluids; Nozzles and Orificea; Sie&m Flaw Meas- 
urement; Metering Liquids; Nozzle Coefficients and Expansion 
Factors; Pitot Tube; Installation of Nozzles and Orifices. 

T he flow of fluids is part of the branch of engineering science known 
as fluid mechanics, which will be discussed here insofar as it applies 
to the work of engineers in the fields of heating, ventilating, and air 
conditioning. Probably air is the most frequently handled fluid, but 
other gases and liquids are often involved. Compressible fluids (gases) 
and incompressible fluids (liquids) vary somewhat in behavior, though in 
cases where pressure and density changes are small, the gases may be 
treated as incompressible fluids. 

THEORY OF FLUID FLOW 

The following head equation based on energy considerations for steady 
flow processes will serve as a basis for the theory of the flow of fluids. 
This equation is presented in several ways in various texts, but a suitable 
form is: 


4- + pivi H- jE + Jg + + piVi + Zi (1) 

where 

V = velocity in feet per second. 

g = acceleration due to gravity = 32.17 ft per (second) (second). 

J «= mechanical equivalent of heat = 778 foot pounds per Btu. 
u = internal energy, in Btu per pound of fluid. 
p = pressure in pounds per square foot. 

V « speafic volume, in cubic feet per pound. 

E *= mechanical work, in foot pounds per pound of fluid flowing, 
g = heat transferred to the fluid, in Btu per pound of fluid flowing. 

2 = elevation above some arbitraty datum, in feet. 

Subscript 1 refers to the entrance, subscript 2 to the exit. 


Introducing the enthalpy A, which by definition is « + , expressed in 

Btu per pound of fluid. Equation 1 becomes 

+ Jh\ H- E + /g + Si =* + Jh% + (2) 

The steady flow energy equation is applicable to a wide range of 
problems in the flow of fluids. Obviously it applies to flow through pipes, 
orifices, and nozzles, and to the flow through turbines and centrifugal 
pumps. Reciprocating engines and pumps are essentially intermittent, 
but the flow tends to become steady as the number of cylinders increases, 
and becomes practically uniform at the entrance and exit if the system 
includes receivers and pipes of sufficient size. 

By substituting (where p is density in pounds per cubic foot) for 
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Fig. 1. Relation of Various Factors in Bernoulli Equation 


its equivalent pv in Equation 1, the result, after rearranging, will be: 

•^ + A + *1 =. ^ + A + JjJ (3) 


In the case of flow through a pipe, no outside work is performed and, 
if the process is considered adiabatic, and if the change due to turbulence 
and friction is considered to be negligible, the bracketed expression in 
Equation 3 will disappear, leaving: 


ZljlIl 

2g pi 


+ 2l 



(4) 


which is commonly called the Bernoulli equation, named after the Swiss 


mathematician and physician who first propounded the theory. 




Fig. 2. Relation of Kinemaitc Fig. 3 Relation of Kinematic 

Viscosity to Temperature of Air Viscosity to Temperature of Water 
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known as the velocity head, — is the pressure head, and z is the elevation 

P 

head, all in feet of the fluid; the total head, At is the sum of the other 
three heads. Fig. 1 shows diagrammatically the relation of the various 
factors. The pressure at point 2 is lower than at point 1 because of 
the elevation of point 2 over point 1, and the velocity at point 2 is lower 
than at point 1 because of the larger pipe diameter at point 2. If the 
pipe diameter were the same throughout, the velocity, and consequently 
the velocity head, would be the same at both points, but the higher 
elevation at point 2 would still be responsible for a loss in pressure. 
The utility of the equation is evident, though it should be remembered 
that in it the effects of friction and turbulence are neglected, and that Fig. 1 
represents ideal conditions. It should also be noted that the Bernoulli 
equation applies only to incompressible fluids. 

Pressure Loss in Circular Pipes 

The pressure loss in circular pipes is customarily expressed by the 
formula: 


where 


hi 


fl 7 * 
2gd 


(5) 


hi — the loss in head of the fluid under conditions of flow, in feet. 

I = the length of the pipe, in feet. 

V =» the velocity, in feet per second. 

g = the acceleration due to gravity = 32.17 ft per (second) (second). 
d « the internal diameter of the pipe, in feet. 

/ = a dimensionless friction coefficient. 

The formula is generally known by the name of Darcy or Fanning, 
though it seems to have been originated by d’Aubisson de Voisins in 1834. 
The factor /is a function of the Reynolds number 

' iVRe - — (6) 

V- 

where 


= Reynolds number, 
p = the density in pounds per cubic foot, 
p. = the absolute viscosity in pounds per foot-second. 

Both / and the Reynolds number are dimensionless. To aid in com- 
puting the Reynolds number, values of — , the kinematic viscosity, are 

P 

shown as a function of temperature for air in Fig. 2 and for water in Fig. 3. 

Fig. 4 shows the relation between /and the Reynolds number, adapted 
from a review by Moody ^ The straight line sloping downward at the 
left of the chart supplies the values of / for laminar flow; it represents 
the formula 




64 

iV^Re 


(7) 


With laminar flow, the velocity profile is a parabola, having the formula 


^Superior numbers refer to the references at the end of the chapter 
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r « the radius of the pipe in feet. 

L « distance perpendicularly from the axis of the pipe, in feet. 

Accordingly, the maximum velocity occurs at the center of the pipe 
and is twice the average velocity; the average velocity is found when L 
= 0.707 r. It is worSi noting that roughness of the pipe wall has no 
effect on the loss in head for laminar flow. 

Between values of the Reynolds number of 2000 and 4000, there is an 
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REYNOLDS NUMBER, 

Fig. 4. Relation Between Friction Factor and Reynolds Number 

Note: The straight line at left shows values of Friction Factor for laminar flow. 

Reprinted by permission from AJS.MJS. Transactions, 

unstable region where the flow changes from laminar to turbulent, or 
■snce versa. The actual value is impossible of prediction for any condi- 
tions of flow, though in general it may be said that the prevailing type 
of flow persists into the unstable region; however, once the change starts, 
it proceeds very rapidly. 

When the flow is turbulent, the velocity profile is essentially parabolic 
over four fifths of the pipe diameter, but near the pipe walls, the effect 
of friction becomes evidrat, and in the boundary layer at the pipe wall 
the flow is laminar. Fig. 6 compares the velocity profiles for three 
different Reynolds numbers, but for the same average velocity. 

The lower ciurve in the turbulent region in Fig. 4 represents the relation 
of /to the Reynolds number for smooth pipe, such as drawn brass tubing 
or glass tubing. The effect of roughness on /, which is a considerable 
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Fig. 5. Comparison of Velooty Profiles for 3 Different Reynolds Numbers 
BUT for Same Average Velocity 


factor in turbulent flow, is open to some conjecture; artificially roughened 
pipes, for instance, give results at variance with actual tests. The 
curves above the smooth pipe curve of Fig. 4 represent a summary of 
tests on rough pipe, each of them identified by a value of e/d, with e 
signifying the absolute roughness in feet. Values of e/d for different 
pipes axe given in Table 1. 

To find the friction loss for any pipe, follow the curve with the proper 
value of e/d, to the pertinent value of IVue; and from this point proceed 
horizontally to left margin to find the value of / to use in Equation 5. 

Equation 5 is applicable to all liquids, and ‘to gases when the pressure 
loss is less than 10 per cent of the initial pressure. When the loss in 
head is high, the formula to be used for gases is 


“ gdpiVi 


(9) 


which may be rearranged to give the loss in pressure 


( 10 ) 


Pressure Loss In Non-Circular Pipes 

The formulas for flow in pipes are based upon the use of pipes of 
circular cross-section. The formulas may be used with conduits of other 
shapes, and in conduits not flowing full, when the flow is turbulent, by 
using the hydraulic radius, jRh, which is really a ratio: 

n area of cross-section 

® wetted perimeter of cross-section ' ^ 


Table 1. Values of e/d for Different Kinds of Pipe 


Typb of pipe 

e/d 

Smootli 

0.000005 

Commercial steel or wrought iron 

0.00015 

Asph9.1ted «ifir-iron„. . 

0.0004 

fialvaniTTpd i^nn 

0.0005 

Cast-iron ., , 

0.00085 

Wood stavp __ 

0.0006 to 0.003 

Conrrete 

0.001 to 0.01 

Rivftted steal 

0.003 to 0.03 
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For instance, in a square duct, 1 ft on a side, handling air, the hydraulic 
radius is 34 or 0.26- If the same duct is handling water, flowing 9 in. 
deep, the hydraulic radius is 0.75/2.5 or 0.30. Note in this latter case that 
the wetted perimeter does not include the distance across the free surface. 

In the case of a round pipe 

Rk = = -|-or i » 4fiH (12) 


Substituting Equation 12 in Equation 6, 


and in the flow Equation 6, 


i^Re 


hi 




flV^ 

SgRE 


2 ind finally in the compressible fluid flow Equation 10, 


flVi^ 


4gREpiVi 


(13) 


(14) 


(15) 


Equations 13, 14, and 15 may be used to compute the flow in pipes and 
ducts of non-circular section and in any type of conduit not flowing full. 
They shoidd not be used when the flow is laminar. 


FLOW OF COMPRESSIBLE FLUIDS 

The energy equation for the flow of compressible fluids, as represented 
by the gases, is derived from Equation 1. Assuming that no heat is 
transferred to the fluid, that no work is done, and that there is no differ- 
ence in elevation, Equation 1 becomes 

* 

-H Jui -f- PiVi == + Ju2 + P 2 V 2 (16) 

or, after rearrangement, 

^ = PiVi — P 2 V 2 -h J{ui — ui) (17) 

Since internal energy is dependent only on temperature, 

— tt2 = Cy(Ti — 22 ) (18) 

where 

Cv = the specific heat of the gas at constant volume. 

Ti and T 2 = the absolute temperatures in Fahrenheit degrees at points 1 and 2, re- 
spectively. 

Substituting Equation 18 in Equation 17, 

~ "" — Ti) (19) 

R 

“ J(ife-1) 


Now 


( 20 ) 
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where 

R *= the gas constant in the expression. 

pv RT (21) 

k = the ratio of the specific heat at constant pressure to the specific heat at 
constant volume. 

This ratio, is used extensively in fluid dynamics; values of k for 
various gases are given in Table 2. 

Table 2. Ratio of Specific Heat at Constant Pressure to SPEaFic Heat at 
Constant Volume for Compressible Fluids 


COMPKBSSIBLB FLUID 

Ratio k « c^/cr 

Helium other monatom io gases . 

1.66 

Air other diatrimic gases. _ 

140 

Ammonia and hydrogen sulfide. 

1.34 

Carbon dioxide, methane, natural gas, superheated steam, 
moist steam down to a quality oi 97 per cent 

1.28 to 1.32 

Sulfur din^jride, ethylene, aeetylene 

1.24 to 1.26 



Substituting Equations 20 and 21 in Equation 19, the energy equation 
becomes 

-y - - “ (^1*^ - m) (22) 


While this is a convenient form of equation, it does not include all the 
necessary specifications. If the steady flow process is frictionless and 
reversible, 




(23) 


By introducing this relation in Equation 22 it is possible to reduce that 
equation to: 


- Fi* 
2g 


1 ^ 

i-l Pi L VPi/ 


(24) 


This form of the equation is applicable not only to flow in pipes, but also 
to flow through orifices and nozzles. 

A significant factor in the flow of compressible fluids is the velocity of 
sound, Fso, which for present purposes will be considered as the velocity 
at which sound will travel in the fluid at its density at the first or inlet 
section of the flow system being considered. 

The velocity of sound is expressed as 

Fso = (25) 

This formula may be developed rationally and agrees perfectly with 
experimental results. Substituting Equation 25 in Equation 24: 



( 26 ) 
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or, by rearrangement, 




(27) 


which permits the calculation of the ratio of pressures at entrance and 
exit of the steady flow device, — pipe, orifice, or nozzle. 


FLOW THROUGH NOZZLE OR ORMCE 

Another useful expression, covering the energy change in an orifice 
or nozzle, may be derived from Equation 2. As with the flow through 
pipes, no outside work is done. Then, assuming that there is no difference 
in elevation, and since practically no heat is evolved or absorbed, i.e., 
the process is adiabatic, £, z, and q of Equation 2 may be eliminated, 
and, by rearranging, the equation becomes 
y * y s 

JQii — A 2 ) foot pounds per second (28) 

In any flow device. 


ViAi fr T/ A^Vi 

ta or, Vi sss Kg . ■ 

Vl Vn A1V2 


(29) 


in which ^1 or -4 2 is the cross-sectional area of the flow at a particular 
point, expressed in square feet. With this substituted in Equation 28, 
and solving for F 2 : 


"■■-Vrr 


2gJ(,hi — ki) 
(.A 2 /A 1 )* (»i/»s)* 


(80) 


Using this expression, it is possible to determine the velocity at any point 
in the flow through an orifice or nozzle. If the area at the point of entry 
is very large with respect to that at point 2 , the denominator on the right 
side of Equation 30 will approach unity, and the equation will reduce to 

V, = V 2gm - h) (81) 


For this reason, the expression 


1 


{.Ai/AiY 

correction factor for the velocity of approach. 


is called the 


The velocity of approach factor may be further simplified if the dif- 
ference in volume between points 1 and 2 is negligible. Under this 

condition, the velocity of approach factor becomes 4 /- . If 

1 1 - (Ai/Ai)^ 


A El 

Ai “Z>i* 




(32) 


the velocity of approach factor is in which form it is generally 

used in flow formulas. The quantity ^ is the ratio of the throat or orifice 
diameter to the pipe diameter. 




Fluid Flow 


83 


The connection of the velocily of sound with the flow of fluids has 
already been noted. Its most important application is to the flow of 
gases through a converging tube or nozzle. If it is assumed that the inlet 
velocity of the fluid, Fi, is negligible, Equation 24 will reduce to 


Fa 




(33) 


Let W represent the weight of gas flowing through the converging tube 
in a unit of time, and A 2 the area at the throat; then, 

W = AtVt/vt or F, - Wv»/Ai (34) 


Substituting this, as well as the relation piVi^ = in Equation 33 
gives. 






(35) 


If this is computed and the figures are plotted, the curved line (partly 
solid and partly broken) of Fig. 6 is found. The maximum value of 

pi 

may be computed by differentiating W with respect to p 2 and equating 
the result to zero. This operation produces the formula: 


k 



For air, with k = 1.40, = 0.53. 

pi 

Critical Pressure and Critical Flow 

Actually, the broken part of the curve is not attained for the flow in 
the nozzle. If the ratio of p2 to px is decreased from unity, the weight 



Fig. 6. Relation of Flow of Gas to Pressure Drop in a Converging Tube 
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rate of discharge, as well as the volume, increases from zero to a maximum, 
as shown by the solid section of the curve in Fig. 6; thereafter, as p%/pi is 
decreased further, the discharge is constant, as indicated by the horizontal 
line. The value of p 2 at the maximum point is called the critical pressure, 
or pc, and from Equation 27 it is seen that pc is approximately 63 per cent 
of pi when air is flowing. 

To find the velocity at the critical pressure, it is assumed that the 
upstream velocity Vi in Equation 22 is so small as to be negligible. Using 
the subscript c to indicate conditions at the critical point, 

«»■- 

Vc (Piv,~p^ (37) 

Substituting Equations 23 and 36, and rearranging, Equation 37 becomes 



Comparing Equation 39 with Equation 25, it will be seen that the 
velocity at Qie throat is equal to the velocity of sound at the critical 
pressure. 

Critical flow is attained only in converging tubes, in nozzles, and in 
orifices with a well-rounded approach. It does not occur in sharp-edged 
orifices or in nozzles having an expanding outlet section. The so-called 
critical flow prover uses this property of constant rate of flow above the 
critical pressure, and finds application as a flow regulator and a quantity- 
rate meter; in either case, the theoretical rate of flow may be computed 
from Equation 38, multiplying Vc by the area of the constriction to 
obtain the volume rate of flow. 

In developing the working equations for orifices and nozzles, it is 
customary to start with 


Vi* - Fi* = 2ghf (40) 


This may be derived from the Bernoulli equation or from the relations 
of falling bodies. Now, since 



AiVi = A,V, = a 

(41) 

in which Q* is 

the discharge rate in cubic feet per second, 




(42) 

Transposing, 


(43) 


or 
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Qa =* ^2 




■ ^ 2ghi 


(44) 


The central term on the right hand side of Equation 44 will be recog- 
nized as the velocity of approach factor, so that 


Qa = Ai 






(45) 


Actual Flow Through Orifices and Nozzles 

The actual rate of flow through an orifice, nozzle, or Venturi tube is 
rarely equal to the theoretical, and generally the actual rate is less than 
the theoretical. In the case of the nozzle and Venturi tube, this is due to 
losses from wall roughness, fluid friction, and turbulence during the 
expansion in the section following the throat. While wall roughness is 
not a factor in a sharp-edged orifice, fluid friction and turbulence are 
important, as is the fact that the discharge contracts to a degree variable 
with the ratio of outlet to inlet pressure after leaving the orifice, so that 
the limiting area is somewhat less than the opening in the orifice plate. 
Accordingly, Equation 45 must be modified by a correction factor, C. 
Usually, the velocity of approach factor is included with this correction 
factor, and, if 


K 


C 


1 


(46) 


Qs = KA 2 V 2gh[ \ 


(47) 


Multiplying by 3600 to convert from cubic feet per second to cubic feet 
per hour and converting area in square feet to diameter in inches, gives 

Of = V2ife 


Qt = 19.635 KDi*V^ (48) 

where 

Qi = rate of flow in cubic feet per hour. 

D% = the diameter of the orifice or nozzle throat in inches. 

K = flow coefficient including correction for velocity of approach. 


Equation 48 is a general equation, expressing the flow of any fluid 
through an orifice or nozzle. Further use of it will be made as other types 
of flow are discussed. 

The differential loss, Af, is in terms of feet of the fluid flowing through 
the orifice or nozzle. In the case of a gas flowing, where it is customary 
to read the differential pressure in inches of water, feet of gas must be 
converted to inches of water. Since dry air at 32 F and 14.7 psi absolute 
pressure weighs 0.0807 lb per cubic foot, the weight of a cubic foot of 
any other kind of gas under the same conditions is 0.0807 G, where G 
is the specific gravity of the gas referred to air. Water weighs 62.37 lb 
per cubic foot at 60 F. Using also the relation of 12 in. in 1 ft. 


, ^ y 62.37 
^ 12 ^ 0.0807G 


(49) 


in which Aw is the differential pressure in inches of water. 
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Also, since the geis flowing is not necessarily at 32 F and 14.7 psi, it is 
necessary to apply Charles’ and Boyle’s laws to the density of the gas 
and therefore: 


hw .. 62.37 y 1^7 
12 0.0807(5 Ff ^ 492 


(60) 


in which Pf and Tf are the absolute pressure and temperature of the 
flowing gas. Substituting this in Equation 48, and combining the 
constants, 


Qi 


218.44XA’ 



(61) 


Then, to correct the value of Qt to any other standard conditions of 
pressure Pb and temperature Tb, using the gas laws, 

Gb - Qf X X (62) 

Equation 51 becomes 

Qb = 218.UKDt'^^^ (63) 


Finally, since gases expand under the conditions of reduced pressure 
downstream from the orifice or nozzle, an expansion factor, F, must be 
added. The final formula, then, is 


Qh 


218.44K^FD2* 


ThJPfK 

Pb yiw 


(54) 


In Equation 54, all the data must be observed at the time of measure- 
ment except K and F. These must be obtained from charts, tables, or 
formulas, derived from or based on the results of a ^eat many experi- 
ments, the results of which have been collected by a joint committee of 
the American Gas Association and the American Society of Mechanical 
Engineer The report of the two associations gives orifice coefficients 
as a function of the Reynolds number and of the ratio of orifice to pipe 
diameter, for pipes 2 to 12 in. and 14 in. in diameter, and for four 
different types of pressure taps in use in the United States. The coeffici- 
ents are higher for the smaller pipe sizes. This is an effect of the turbu- 
lence produced by the roughness of the pipe surface, a given roughness 
being relatively greater witii a small pipe than with a large one. 

Space does not permit presenting all the coefficient data that are avail- 
able. However, if the pipe is smooth drawn tubing, the effect of roughness 
is negligible, and the coefficients for the largest size of pipe apply also 
to smaller pipes. Figs. 7, 8, and 9 show these coefficients, Nva, being the 
Reynolds number referred to the diameter of the orifice or throat of the 
nozzle, in feet. 

Plresffure Tap&4.ocafion and Types 

The different sets of pressure taps are called flange taps, radius taps, 
vena contracta taps, and pipe or full-flow taps. The relative locations 
of the first three of these are shown in Fig. 10, and the need for different 
coefficients for the different taps is indicated by the course of the change 
in pressure of the flowing fluid shown in the lower part of the figure. 
Pipe taps are located 2^ pipe diameters upstream and 8 pipe diameters 
downstream, both measured from the upstream face of the orifice plate, 






10 * *85 

REYNOLDS NUMBER, Ng, 


Fig. 9. Flow CoEFPiaENXs, K , for Square-edged Orifice Plates 
AND Vena CoNTRACTA Taps, IN Smooth Pipe 
Note; From Table 7, Bibli<^rraphy [H], 
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or in other words, before the orifice plate has had any effect on the flow 
and after the recovery in pressure has been completed. The use of pipe 
or full-flow taps has been limited to the metering of natural fuel gas in 
certain areas. As they are not suited to use in heating and ventilating 
work no data for them are given in this chapter. 

Still another type of pressure tap is used in European practice, — 
comer taps. Pressures are taken from recesses in the fleinge connected to 
annular slits in the corners formed by the pipe wall and the orifice plate. 
Coefficients for these taps have been adopted by the International 
Standards Association, but are not used commercially in America. 

It will be noted that the location of the downstream pressure tap of 
the vena contracta arrangement is variable. Vena contracta is the term 



Fig. 10. Relative Location of Flange, Radius and Vena Contracta Taps 


applied to the minimum cross-section of the jet from the orifice, where 
the static pressure is at a minimum. Its location, and the location of 
the downstream vena contracta tap, vary with the ratio of orifice to 
pipe diameter, and with rate of flow, as shown in Fig. 11; the tap is 
generally located in accordance with the mean curve in the figure. 

Expansion Factor for Gases 

The expansion factor, 7, for gases (for liquids, 7 = 1) is found from 
the empirical formula 

F = 1 - (0.41 + 0.35P*) (^‘ ~ (66) 

This is applicable to flange, radius, and vena contracta taps. 

Values of F for air, computed from these equations, are given in Fig. 12. 
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Fig. 11. Location of 
Vena Contracta in 
Relation to Ratio of 
Orifice to Pipe Di- 
ameter AND TO Rate 
of Flow 


Computing Orifice Discharge 

With this information it is possible to compute the discharge from an 
orifice if the Reynolds number is known. Here an odd complication is 
encountered — ^when the value of JVrc is computed, the rate of flow, 
which is the unknown quantity, must be used in the computation. How- 
ever, it will be noted in Figs. 7, 8, and 9 that the orifice coefficient 
does not change greatly as i^Re changes. If, then, an estimate is made of 
the velocity, using this in computing JVrc, and if the corresponding coef- 
ficient is used in Equation 64, a value for the rate of flow will be found. 
Using this velocity to compute a corrected value of j^Tr® and repeating 
the process, a more nearly correct value of Qi is found. This cut-and-try 
method may be continued for several more cycles, but generally the first 
or second correction will be found sufficient. 

Another method would be to use the value of K corresponding to 
i^Re = 00 , modifying this with a factor involving the rate of flow, deter- 
mined from the temperature, and the differential and static pressures. 
This method is used by the American Gas Association^. 

STEAM FLOW MEASUREMENT 

While steam may be considered as a gas, its measurement differs from 
that of the usual gases because of a number of factors. Equation 48 
serves as the starting point. Since it is usual to measure the differential 
pressure in inches of water, it is necessary to convert fe, the head in feet 


Fig. 12. Expansion Factor for Air 
and Other Diatomic Gases Applicable 
TO Flange, Radius and Vena Con- 
tracta Taps 



1.00 Q95 OJO 085 080 0.75 070 0 65 0 60 


P.A. 
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in terms of the flowing fluid, to ham, the actual head in inches of water, 
using the equation 

where 

Pw “ the density of water at 60 F (62.37 lb per cubic foot), 
p « the density of the flowing fluid. 

Substituting Equation 56 in Equation 48 gives 

Of = 369.15 (57) 

In steam measurement, a constant head of water is maintained over 
each leg of the manometer by means of condensing chambers, in order 
to keep the heat of the steam away from the meter. As the mercury 



level fluctuates, the difference in head as recorded on the chart, therefore, 
is not that due to mercury alone, but to mercury minus an equivalent 
head of water. To correct for this, the equation 

is applied to Equation 57. The denominator in Equation 58 is the specific 
gravity of mercury; and the numerator is the difference in specific gravity 
between mercury and water. Equation 57, hence, becomes 

Ql = 346.66 EDt* (69) 

Steam is commonly measured in terms of weight, and since 

W = fQf (60) 

where 

PT -> the rate of flow in pounds per hour. 

W- 345.65 JCDj'VTW 


( 61 ) 
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The expansion factor F, and the factor P, correcting for the expansion 
of the orifice plate with the temperature must then be applied, so that 

W « 345,65 KYPDf (62) 

which is the final form of the equation for the flow of steam through orifices. 
Values of K may be obtained from Figs. 7, 8, and 9, according to the 
pressure taps used, F may be computed from Equation 55. Fig. 13 
gives values of the correction factor P, according to the temperature 
and the material of the orifice plate. Values of the density, p, may be 
obtained from steam tables, such as Keenan and KeyesS which are widely 
used. 


METERING UQUIDS 

Orifices are also used for metering liquids, and Equation 48 serves 
again as a starting point for developing the working formula. Again, 



Fig. 14. Shape of ASME Long Radius Fig. 15. Shape of ASME Long Radius 
Nozzle When Ratio of Throat to Pipe Nozzle When Ratio of Throat to Pipe 
Diameter is 0.53 or Less Diameter is 0 4 to 0.7 


too, it is necessary to convert Ih to the actual head in inches of water, 
by substituting Equation 56. It is also necessary to correct for the weight 
of the fluid above the manometer, and since this may be other than water, 
it is better to use an equation of more general form than Equation 58: 


13.557 - 
^ 13.667 


(63) 


where 

9{ => the density of the fluid over the mercury in the manometer. 
Pw = the density of water at 60 F. 

Substituting Equations 56 and 63 in Equation 48 gives 


^ = 44 764 KDi* - O.OOlls) 


(64) 
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Then, since liquids are generally measured in gallons instead of cubic 
feet, and since there are 7.4805 gaJ in 1 cu ft, 


Qw = 334,86 KDt^ ^ (-L - o.OOlls) (65) 

in which Qw is the discharge or rate of flow, in gallons per hour. 

Since liquids, for practical purposes, are incompressible, no expansion 
factor is necessary. If circumstances demand, the factor P for the 
expansion of the orifice may be applied. Also, if it is necessary to correct 
the volumetric discharge to a base temperature, application of the known 
expansion characteristics of the liquid will enable the conversion to be 
made. Values of K again are obtainable from Figs. 7, 8, and 9, according 
to the type of pressure tap. 



Fig. 16. Relation of Nozzle Discharge CoEFriaENT, C, for 2-Inch 
Pipe, to Diameter Ratio and Reynolds Number 


NOZZLE COEFnCIENTS AND EXPANSION FACTORS 

Nozzles differ from orifices in that the flow is guided to the throat in 
such a way that contraction of the jet is suppressed, or, in other words, 
there is no vena contracta. Because of this fact, the coefficients are 
different from those of orifices, and are very close to unity before the 
velocity of approach factor is added. Also, the expansion factor may be 
deduced rationally, rather than empirically, as with orifices. 

Two shapes of nozzles that have been under investigation by tlie 
A,S.M.E, for some time are shown in Figs. 14 and 15. They are referred 
to as long-radius nozzles. Their contour is that of a semi-ellipse, and the 
contracting portion is followed by a cylindrical section of the same area 
the throat.^ The shape shown in Fig. 14 is designed for use with ratios 
of throat to pipe diameter of 0.63 or less, that of Fig. 16 for ratios of 0.4 
to 0.7. The most usual location of pressure taps is 1 pipe diameter up- 
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Fig. 17. Relation of Nozzle Discharge Coefficient, C, for 6-Inch 
Pipe, To Diameter Ratio and Reynolds Number 


stream and diameter downstream, both measured from the plane of 
the nozzle inlet. In addition, the International Standards Association 
has adopted still another shape of nozzle, which has a somewhat sharper 
approach than the A.SM,E. nozzles, and which uses corner taps. Very 
little use of this nozzle has been made in this country. 

The formulas already given for orifices apply equally to nozzles except 
for discharge coefficients, and for the expansion factor, when it is applied. 



Fig. 18. Relation of Nozzle Discharge Coefficient, C, for 10-Inch 
Pipe, to Diameter Ratio and Reynolds Number 
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Discharge coefficients for nozzles, for orifices, vary with pipe size; 
they may either increase or decrease with decreasing size of pipes depend- 
ing on the sharpness of the approach curvature of the nozzle. For the 
A,S,M.E. nozzles, they tend to decrease. Generally speaking, too, the 
coefficient for a given nozzle shape is higher if the finish of the surface 
is smoother. 

Discharge coefficients, C, for pipes 2, 6, and 10 in. in diameter are 
given in Figs. 16, 17, and 18, as correlated by Bean, Beitler and Sprenkle®, 
as functions of the diameter ratio ^ and the Reynolds number iV^Re (Equa- 
tion 66) referred to the diameter of the throat in feet. 

( 66 ) 



Fig. 19. Relation of Expansion Factor, 9, for Nozzles to Diameter Ratio and 
Pressure Loss for Air and Other Diatomic Gases 


Coefficients from these curves must be multiplied by the 

velocity of approach factor, in accordance with Equation 46, to obtain 
the value of K to use in the various equations. 

The expansion factor for nozzles, designated by 9, is obtained from 
a rational formula, as already noted. 


V(^) 


2/k ( k 


1 - 


This formula is plotted for k = 1.40 (air and other diatomic gases) and 
1.30 (steam, carbon dioxide, natural gas) in Figs. 19 and 20, respectively. 
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FLOW MEASUREEt^T BY PITOT TUBE 

Th^e remains one other head type meter useful in ventilating work, 
the Pitot tube, n^ed for the Frenchman who discovered the principle. 
The Pitot tube is essratially a bent tube with its open end pointed 
upstream, combined with another tube with its end pointed crosswise 
to the flow or downstream, or connected to openings crosswise to the flow. 
Ijsed with flowing liquid, the liquid will rise in each tube, but higher in 
the one pointed upstream. Used with a flowing gas, and the two tubes 
connected by a U-tube containing water, the liquid level in the U-tube 
will be displaced, with the lower level on the side connected to the tube 
pointed upstream. The tube directed upstream receives the impact 
pressure, which is the sum of the static and kinetic pressures, while the 
tube directed crosswise receives only the static pressure; the difference 



Fig. 20 . Relation of Expansion Factor, < t , for Nozzles to Diameter Ratio and 
Pressure Loss for Steam, Carbon Dioxide and Natural Gas 


between the two, as read on the separate tubes or on the U-tube is, of 
course, the kinetic pressure. The velocity is expressed as 

V = (68) 

Application of Equation 56 serves to make the formula generail, 
assuming that water is used in the manometer connecting the two tubes. 
Using this equation, and mutiplying by 60 to convert feet per second 
to feet per minute, 

Vm - 1096.5 ( 69 ) 

in which Vm is the rate of flow in feet per minute. 

It is often difficult to obtain the exact static pressure. In the usual 
construction of Pitot tubes, the static pressure openings are downstream 
from the impact pressure opening, and turbulence induced by the nose 
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may affect the static pressure reading. If the static pressure openings 
point do^stream in any degree, a suction effect is produced to falsify 
the reading. In instruments having the static pressure opening pointed 
downstream, the coefficient may be as low as 0.86. Consequently, for 
accurate work, Pitot tubes should be calibrated, and the pertinent 
coefficient should be applied to Equation 68. In a sense, this coefficient 
is advantageous, since it results in a higher differential reading, which, 
in turn, enables more accurate readings at low flows. 

In using Pitot tubes, it is generally necessary to make a traverse of 
the pipe or duct to determine the course of the velocity pattern. In a 
pipe, for instance, one of the profiles shown in Fig. 6 would be obtained. 
Near a valve or fitting, however, the profile might be quite distorted, a 
fact which would be revealed by the traverse. If the pipe or duct is 




Fig. 21. Minimum Conditions to be Observed When Installing Orificbs and 
Nozzles Between Fittings and Valves 


divided into equd areas, and a determination of Aaw is made for each, 
the average velocity would be obtained by using the average of the square 
roots of Aaw in Equation 69. 


INSTAUJITION OF NOZZLES AND ORinCES 

A final note should be made of the installation of orifices and nozzles. 
Generally speaking, the orifice or nozzle, together with a holding arrange- 
ment, including pressure taps, is available from the manufacturer. In 
making Ae installation, the user should make certain that the flow 
approaching the nozzle or orifice is steady and evenly distributed, 
with velocity profiles similar to those shown in Fig. 5. Fittings and v^ves, 
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which tend to direct the flow to one side and which in some cases cause 
it to rotate as it advances, must be far enough upstream from the orifice 
or nozzle to permit the disturbed stream to straighten out to the even 
form before reaching the meter. Minimum conditions in the installation 
for avoiding trouble from fittings and valves are shown in Fig. 21. If 
necessary, straightening vanes may be used upstream from the'brifice 
or nozzle at a distance of not less than 8 pipe diameters. 

LETTER SYMBOLS USED IN CHAPTER 4 

P = ratio, throat or orifice diameter to pipe diameter, 
pi = absolute viscosity in pounds per foot second, 
pt/p =» kinematic viscosity in square feet per second. 

p = density of flowing fluid in pounds per cubic foot. 

Pw « density of water at 60 F, (62.37 Ib per cubic foot). 

Pf density of fluid over mercury in a manometer. 

<p = expansion factor for nozzles. 

A = cross-sectional area of flow, in square feet. 

C = correction factor (coefficient of discharge) for flow through orifice, nozzle 
or Venturi. 

Cp = specific heat of gas at constant pressure, 
cv specific heat of gas at constant volume. 

D = diameter of fluid stream in feet. 
d internal diameter of pipe in feet. 

E » mechanical work in foot pounds per pound of fluid flowing. 
e a absolute roughness of pipe surface, in feet. 

/ = dimensionless friction coefiicient. 

g a acceleration due to gravity = 32.17 ft per (second) (second). 

G = specific gravity of gas referred to air. 
h a enthalpy, Btu per pound of fluid, 
kaw “ loss of head in inches of water, 
kf a loss of head in feet of fluid, 
kt = total head in feet of fluid, 
kw = differential pressure in inches of water. 

J — mechanical equivalent of heat = 778 foot pounds per Btu 
K = flow coefficient (correction factor), including velocity of approach correction 
factor, for flow through orifice, nozzle or Venturi. 
k a ratio of specific heat at constant pressure to specific heat at constant volume 
L a perpendicular distance from axis of pipe in feet. 

I a length of pipe in feet. 

NKe = Reynolds number. 

P a correction factor for expansion of orifice plate with temperature. 
p a pressure in pounds per square foot. 
pc a critical pressure. 

jPb “ standard pressure to which correction is to be made, poimds per square inch, 
absolute. 

Pf = pressure of gas flowing, pounds per square inch, absolute. 

Qb — rate of flow in cubic feet per hour under standard conditions of pressure 
and temperature. 

Qf a rate of flow in cubic feet per hour. 

Qs “ discharge rate in cubic feet per second. 

Qw — rate of flow in gallons per hour. 
q a heat transferred to the fluid per pound of fluid flowing. 

R a gas constant. 

Ph “ hydraulic radius a ratio of area of. cross-section to wetted perimeter of cross- 
section. 

f a radius of pipe in feet. 
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T temperature, Fahrenheit degrees, absolute. 

Th ** standard temperature to which correction is to be made, Fahrenheit degrees 
absolute. 

Tf = temperature of gas flowing, Fahrenheit degrees, absolute. 

u » internal energy, Btu per pound of fluid. 

V velocity in feet per second. 

Fc critical velocity, feet per second. 

Fao — velocity of sound, feet per second. 

Fjn ** velocity in feet per minute. 

V — specific volume, cubic feet per pound. 

W weight of gas flowing, pounds per hour. 

V « expansion factor — correcting for expansion of gas under reduced downstream 

pressure. 

z » elevation above some arbitrary datum, in feet. 
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fundamental fdeat f randier 


Conduction, Convection, R&di&tion, Combined Convection 
and Radiation, Heat •-Flow Resistance, Practical Heat Transfer 
Problerns, Unit Conductances for Convection Flaw Siystems, 
Radiation Factors or Emissivities, Solutions for Steady -State 
Conduction Problems 

H eat is that form of energy that is transferred by virtue of an existing 
temperature difference. The temperature difference is the potenti^ 
which causes the transfer, the latter in turn being resisted by the thermal 
properties of the material combined in a single term known as the resis- 
tance. Energy exchange associated with evaporation, condensation, etc. 
is treated elsewhere such as in the section on cooling tower design in 
Chapter 37. The objectives of this chapter are to; 

1. Describe the mechanisms and present the rate equations for the different modes 
of heat transfer. 

2.^ Illustrate the application of the basic concepts to steady-state problems (tempera- 
ture independent of time or a cyclic variable thereoQ by means of several typical solutions 
of heat transfer systems. 

Further applications to specific systems will be found throughout The 
Guide. 


CONDUCTION, CONVECTION AND RADIATION 

Thermal conduction is the term applied to the mechanism of heat trans- 
fer whereby the molecules of higher kinetic energy transmit part of their 
energy to adjacent molecules of lower kinetic energy by direct molecular 
action. Since the temperature is proportional to the average kinetic 
energy of the molecules, thermal transfer will occur in the direction of 
decreasing temperature. The motion of the molecules is random; there 
is no net material flow associated with the conduction mechanism. In 
the case of flowing fluids, thermal conduction is significant in the region 
very close to a solid boundary or wall, for in this region the flow is laminair, 
parallel with the wall surface, and there are practically no cross currents 
in the direction of the heat transfer across the solid fluid boundary. In 
solid bodies the significant mechanism of heat transfer is always thermal 
conduction. 

Contrasted to the thermal conduction mechanism, ther^l convection 
involves energy transfer by eddy mixing and diffusion ^ in addition to 
conduction. This is shown schematically in Fig. 1 which exhibits transfer 
from a pipe wall at surface temperature ife to a colder fluid at a bulk 
temperature U, (Bulk temperature is that which would be attmned if the 
fluid stream were drawn off at a certain section and mixed. It is therefore 
slightly higher than the lowest temperature in the stream). In the 
laminar sublayer, immediately adjacent to the wall, the heat transfer 
occurs by thermal conduction; in the transition region, which is called 
the buffer layer, eddy mixing as well as conduction effects are significant; 
in the eddy or turbulent region the major fraction of the transfer occurs 
by eddy mixing. 

In most commercial equipment the main body of the fluid is in turbu- 
lent flow, and the laminar film exists at the solid walls only, as shown in 
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Fig. 1. But in cases of low- velocity flow in small tubes, or with viscous 
liquids sudi as heavy oil (low Reynolds numbers), the entire flow maybe 
laminar. .In these latter cases there is no transition or eddy region. 

When the fluid currents are produced by sources external to the heat 
treinsfer region, as for example by a pump, the described solid to fluid heat 
transfer is termed forced convection. In contrast, if the fluid currents are 
generated internally, as a result of non-homogeneous densities arising 
from the temperature variations, the heat transfer is termed free convection. 

In the conduction and convection mechanisms heat is transferred as 
internal energy, i.e.^ the random molecular kinetic energy associated with 
the material temperature. For radiant heat transfer ^ however, a change 
in ener^ form takes place from internal energy at the source to electro- 
magnetic energy for transmission, then back to internal energy at the 
receiver. 

The rate of heat transfer, corresponding to the three transfer mech- 
anisms previously described, may be expressed by three rate equations. 



FtG. 1. Thermal Convection 
Conditions 


Fig. 2. Thermal Conduction 
IN A Flat Slab 


These are similar to Ohm's Law for electrical flow, the current flow 
through a resistance being proportional to the potential difference. 


Thennal Conduction Equation 


Equation 1 states symbolically that the thermal conduction per unit 
transfer area normal to the flow, {dq)l{dA')^ Btu per (hour) (square foot), 
is proportional to the temperature gradient {dt)/{dL), Fahrenheit degrees 
per foot. The proportionality factor is termed the thermal conductivity j 
fe, Btu per (hour) (square foot) (Fahrenheit degree per foot of thickness). 


dq _ , dt 
dA^ ^ dL 


( 1 ) 


The minus sign on the right side of the equation is introduced to 
indicate positive transfer in the direction of decreasing temperature. 
Fig. 2 shows the physical significance of indicated quantities. 

It should be emphasized that the thermal conductivity used should be 
expressed in consistent units; either using the inch or foot throughout. 
Expressions of conductivity used in the heating field are usually 
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inconsistent in this sense, in that it is customary to refer to the con- 
ductivity per square foot but for one inch of thickness. This custom has 
been adopted for the reason that wall thicknesses are usually expressed 
in inches, whereas if expressed in feet, decimal or fractional thicknesses 
would result. When dealing with flat walls no complication is involved 
in using the inconsistent expression of conductivity. However, when 
curved or spherical walls are considered, considerable complication is 
involved. Therefore, in this discussion the consistent units of con- 
ductivity expressed in Btu per {hour) {square foot) {Fahrenheit degrees per 
one foot thickness) are used throughout. Conductivity values obtained from 
Chapter 6 or Table 1 in this chapter, which are expressed in inconsistent 
units, must therefore be converted for use in the calculations of this chapter 
by dividing by 12. As an example, the conductivity of brick, expressed 
in inconsistent units as 6.0 in Table 2 of Chapter 6, becomes 0.42 when 

Table 1. Approximate Unit Thermal Conductivities^ 

Conductivity, k = Btu per (hr) (sqft) {F deg per in.) 

Matsual 

Lead 

Nickel 

Soil 

Steel, milcL 

Water, liquid.. . 


^Thennal conductivities depend to some extent on temperature. The above magnitudes are approxi- 
mate only Refer to Heat Transmission, 2nd edition, by W. H McAdams (McGraw-HiU Co., 19^) for 
additional values. 

used in the calculations of this chapter. Also, it should be emphasized 
that in order to make the calculations and applications consistent in this 
chapter, all dimensions of thickness must be expressed in feet. 

Thermal Convection Equation 

^ = ftc («, - /f) (2) 

This rate equation states that the thermal convection per unit transfer 
area {dq)/{dA), Btu per (hour) (square foot) is proportional to the tem- 
perature difference, (4 — U) which is the temperature of the surface less 
that of the fluid. The particular fluid temperature to use for a given 
system will be noted under the discussion of that system. The propor- 
tionality factor is termed the unit convection conductance (sometimes called 
the film coefficient for convection), Ac, Btu per (hour) (square foot) 
(Fahrenheit degree). These convection conditions are illustrated in Fig. 1. 

The heat transmission by free or natural convection for objects sur- 
rounded by air can be conveniently expressed as in Equation 2a: 

where 

qc = heat transmission by convection, Btu per (square foot) (hour). 

C » a constant depending upon the shape of the surface. 


k 


240.0 

408.0 
2.4r-12.0 

312.0 
4.08 



Air 

Aluminum 

Brass (70 - 30) 

Cast-Iron 

Copper. 

Glass. 


0.168 

1416.0 

720.0 

336.0 

2640.0 
3.6—7.32 
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D a diameter of pipe or circular duct or height of vertical wall, inches. 

(Effect of diameter or height becomes constant at 24 in.) 

7av ^ average of wall surface and surrounding air temperature, Fahrenheit degrees 
absolute. 

^ temperature excess between wall surface and surrounding air* Fahrenheit 
d^ees. 

For horizontal cylinders, the value of C = 1.016 has been well estab- 
lished by various investigations. For vertical plates, the value of C = 
1.394 has been fairly well established. Suggested values ^ oi C for hori- 
zontal plates warmer than the surrounding air are 1.79 when facing 
upward and 0.89 when facing downward. 


Table 2. Heat Teansmission by Free Convection for Large Vertical Surfaces 
Expressed in Bin per (square foot) (hour) 


Tsmpbkatusb Diffbsencb between Body and Subboxjnding Stdll Ant at 80 F 


— p — 
Deo 

0 

10 

20 

80 

40 

50 

60 

70 

80 

90 

100 

110 

120 

130 

0 

0 

4.4 


m 

25.0 

33.2 

41.8 


59.9 

69.4 

79.4 

89.2 

99.4 

109.8 

1 

0.3 

4.9 



25.8 

34.1 

42.6 

51.5 

60.8 


80.4 

90.2 

100.4 

110.9 

2 

0.6 

5.5 

11.8 

18.9 

26.7 

34.9 

43.5 

52.4 

61.8 

71.3 

81.4 

91.2 

101.5 


3 

1.0 

6.0 


19.7 

27.5 

35.7 

44.3 

53.4 

62.7 

72.3 

82.4 

92.2 

102.6 


4 

1.4 

6.6 

IkiU 

20.5 

28.3 

36.6 

45.2 

54.3 

63.7 

73.3 

83.3 

93.3 

103.6 

114.1 

5 

1.8 

7.3 


21.2 

29.2 

37.4 

46.1 

55.2 

64.6 

74.3 

84.2 

94.3 

104.7 

115.2 

6 

2.3 

7.9 


22.0 

30.0 

38.3 

rm 

56.1 

65.6 

75.3 

85.2 

95.3 

105.7 

116.3 

7 

2.8 

8.5 


22.7 

30.8 

39.1 

47.8 

57.1 

66.5 

76.3 

86.2 

96.3 

106.7 

117.3 

8 

3.3 

9.1 


23.5 

31.6 

40.0 

48.7 

58.0 

67.5 

77.4 

87.2 

97.4 

107.8 

118.4 

9 

3.8 

9.7 


24.3 

32.4 


49.7 

59.0 

68.4 

78.4 

88.2 

98.4 

108.8 

119.5 


The heat transmission by free convection from vertical walls 84 in. or 
more in height is given in Table 2 as calculated from Equation 2a for 
an ambient air temperature of 80 F. The values in Table 2 are not 
changed appreciably by a considerable change in air temperature for a 
given temperature excess. For instance, a change in air temperature 
from 80 to 40 F will increase the heat transmission given in Table 2 
by only 1.3 per cent. 

Table 2 can also be used for calculating tbe free convection rate of 
transmission for various commercial shapes such as pipes and ducts. 
These calculations eire simplified by the use of the factors in Tables 3 
and 4. Table 3 gives factors by which the values in Table 2 must be 
multiplied to obtain the free convective transfer from various shapes 
whose characteristic dimensions are 84 in. or over, and Table 4 gives the 
factors to be used in conjunction with the factors in Table 3 for obtaining 
the free convection from Table 2 for pipes and ducts whose characteristic 
dimensions are less than 84 in. 

For example, the free convection transfer from a 3 in. O.D. horizontal 
cylinder for a temperature difference of 40 deg = 26.0 X 0.73 X 1.52 = 
27.7 Btu per (square foot) (hour). 

Problems in either forced convection or natural convection may be 
solved by the simple first-power equation if the convection coefficient is 
expressed as a unit conductance: 


qe ^ he A (fi — /j) 


(2b) 
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where 

qc =** heat transmission by convection, Btu per hour. 

A = surface area, square feet. 

— /j aa temperature difference between the surface and the fluid Fahrenheit degrees. 

he =* unit conductance, from Table 5, Btu per (square foot) (hour) (Fahrenheit 
degree temperature difference.) 

Table 3. Free Convection Factors for Various Shapes 


Shapes 

Factor 

Hon5!nntal fyHn<iers 24 in, in diauiT O’" ovef r 

0.73 

Long vertical cylinders 24 in, jn dianri* or OVCr 

0.88 

Vertical plates 24 ^ in. in beiglit or over 

1.00 

Horizontal plates warmer tnan air facing upward. 

1.28 

Horizontal plates warmer than air facing downward 

0.64 

Horizontal plates cooler than air facing upward 

0.64 

Horizontal plates cooler than air facing downward... 

1.28 



Table 4. Free Convection Factors for Various Diameter Pipes 
OR Various Height Plates 


Actual O.D., or height, in... 

Factor. 

1 

2 

3 

4 

5 

6 

a 

8 

1.88 

1.64 

1.52 

1.43 

1.37 

1.32 1 

1.28 

1.25 

Actual O.D., or height, in. 

Factor. — . . . 

9 



14 




22 










Thennal Radiation Equation 

The relation shown in Equation 3 is usually applicable to systems in 
which radiant exchange takes place between the surfaces of solids, as sche- 

qr - aAiFj^FE (Ti* - Ta") (3) 

matically shown in Fig. 3. Gaseous and luminous radiation are not con- 
sidered in this discussion. Equation 3 states that the net radiation per 
unit transfer area of surface 1, Qx/A Btu per (hour) (square foot), which 
sees surface 2 through a non-absorbing medium, is proportional to the 
difference of the fourth powers of the absolute surface temperatures 
(Ti^ — Ti^). The proportionality factor (a FaFe) may be conveniently 
separated into three parts: 

a a= the Stefan-Boltzmann radiation constant. 

= 1730 X 10-12 Btu per (hour) (square foot) (Fahrenheit degree absolute tempera- 
ture to the fourth power). 

Fa — the configuration factor which is dimensionless and ^ 1. This factor accounts 
for the shape and relative position of the two surfaces. The value of Fa =* 1 
may be used in the cases of large parallel planes, long concentric cylinders or 
smaller bodies in laige enclosures. 

Fe = the emissivity factor which is also dimensionless and ^ 1. This factor accounts 
for the absorption and emission characteristics of the surfaces for the radiation 
which exists. Individual emissivities (e) should be taken from Table 6 and 
applied, for either radiation or absorption, as follows: 

a. For a small body in a large enclosure, use the emissivity of the small body 
only: Fe == si. 
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b. For large parallel planes, long concentric cylinders or large enclosed bodies, 
use both emissivities in the equation: 



The radiation under black-body conditions, or for an emissivity of 1,0, 
is given in Table 7® for cold surfaces as low as — 39 F to warmer surfa<^ 
as high as 139 F. The emissivities of a number of surfaces ordinarily 
encountered in engineering practice are shown in Table 6. For radiation 
table at higher temperatures, and further discussion of radiation calcu- 
lations, see Chapter 31. 



Fig. 3. Radiation Between Fig. 4. Heat Transfer Conditions in the 
Surfaces Insulated Cold Water Line 

NOMENCLATURE AND DIMENSIONS FOR TABLE 5 

cp fluid unit heat capacity at constant pressure, Btu per (pound) (Fahrenheit 
degree). 

D « cylinder diameter, feet. 

G = 3600 Fsp = fluid mass velocity, pounds per (hour) (square foot of flow 
cross’section). 

p = density, pounds per cubic foot. 

he — unit conductance for thermal convection, Btu per (hour) (square foot) 
(Fahrenheit degree). 

k «= unit thermal conductivity of the fluid, Btu per (hour) (square foot) (Fahren- 
heit degree per one foot thickness). 

Rh = hydraulic radius of the flow cross-section « flow cross-section area per wetted 
penmeter, feet. 

j « fin spacing, feet. 

t ~ average fluid film temperature, Fahrenheit degree. 
h—h = temperature diflFerence surface to main fluid, Fahrenheit degree. 

Vb =» fluid velocity, feet per second. 

p. = fluid viscosity, pounds per (hour) (foot) = viscosity in centipoises X 2.42. 

Combined Convection and Radiation 

It should be noted that the previous equations and tables give the heat 
transfer by convection and by radiation computed separately. In many 
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Table 5. Approximate Unit Conductances for Thermal Convection for 
Several Flow Systems^ 

Expressed in Convenieni Empirical Form 


Case 

System 

Unit Conductance EQUATioNb 

Forced Convection 

1. 

Longitudinal flow in cylinders, turbulent 
region. Fluid being heat^e. 

For (-^) > 8000 

2. 

For longitudinal air flow in cylinders case 1 
reduces toe. 

he - 0 0036 

For (“^) > 3000 

8. 

For longitudinal water flow in cylinders case 1 
reduces toe. 

ko - 0.00486 (1 + 0.010 

For (-^) > 8000 

4. 

Air flow normal to a single right circular 
cylinder. 

k. - 0.46 (•^) + 0.178 G»« (-f-)'*’" 

6. 

Air flow over staggered pipe banks. 

he - 0.061 (^ )"*** 

6. 

Air flow over single spheres. 

n 

k. - 0.040 -Ira- 
0 <t < 260 F 

7. 

Air flow over plane surfaces 

- 1 + 0 22 Vs 

For Vi < 16 fps 
or Ac - 063 Vb«» 

16 fps < Vs < 100 fps 

8. 

Air flow normal to flnned cylinders. 

0 < < < 260 F 


FME CONVECTIONd 


9. 

Single horizontal right circular cylmder in air. 

kc- 0 23 (‘^‘*) 

10. 

Vertical surfaces in air. 

Ac - 0 3 »» 

11. 

Top surface of horizontal plates to air. 

Ac - 04 

12. 

Bottom surface of horizontal plates to air 

he - 0.2 


•Heat Transmission, by W. H. McAdams. 

bFluid properties should be evaluated at the arithmetic mean fluid temperature, it * (^surface + ffluld) 
divided by 2. 

oThese expressions are applicable to longitudinal flow in other than right circular cylinders provided the 
hydraulic radius is employed as the conduit dimension parameter For non-circular cross-sectbns D « 4 Rh* 

dFor low rates of heat transfer by free convection the exponent decreases towards zero, and for higher 
rates increases towards 0.83. The following eQuations employing an exponent ^ual to 0 26 are apphcable 
in the intermediate range. 
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practical cases it is desirable to treat convection and radiation as a single 
combined process, using a first-power equation : 

fire ‘fhc A (ti — < 2 ) (4) 

where gre is the total heat flow due to radiation and convection, in Btu 
per hour. Values of Arc, the surface or film conductance for combined 


Table 6. Radiation Factors or Emissivities, e. 
For the determination of factor Fe in Equation S 


Class 

Surfaces 

Fraction of Black-Body 
Radiation 

Absorptivity 

FOR 

Solar 

Radiation 

At 60-100 F 

At 1000 F 

1 

A small hole in a large box, 
sphere, furnace, or enclosure 




2 

Black non-metallic surfaces such 
as asphalt, carbon, slate, 
paint, paper. 

0 90 to 0.98 

0.90 to 0.98 

0.86 to 0.98 

3 

Red brick and tile, concrete and 
stone, rusty steel and iron, 
dark paints (red, brown, 
green, etc.) 

0.85 to 0.96 

0.75 to 0.90 

0.66 to 0.80 

4 

Yellow and buff brick and stone, 
firebrick, fire clay. 

0.85 to 0.96 

0.70 to 0.85 

0.60 to 0.70 

5 

White or light-cream brick, tile, 
paint or paper, plaster, white- 

0.86 to 0.96 

0 60 to 0.76 

0.3 to 0.5 

6 

Window glass 

0.90 to 0.95 


Transparent^ 



7 

Bright aluminum paint; gilt or 

hronjre painf 

0.4 to 0.6 


0 3 to 0 5 



8 

Dull brass, copper, or alumi- 
num; galvanized steel; pol- 
ished iron 

0.2 to 0.3 

0 3 to 0 5 

0.4 to 0.65 

9 

Polished brass, copper, monel 
metal 





10 

Highly polished aluminum, tin 
plate, nickel, chromium 

0 02 to 0.04 

0.05 to 0.10 

0.10 to 0.40 


^Reflects about 8 per cent 


radiation and convection, are given in Chapter 6, Table 1 and Fig. 3. 
Complete tables for the combined heat transfer of steam and hot water 
radiators, pipes, coverings, etc., will be found in the appropriate chapters. 

When dealing with the effect of operating temperatures upon the com- 
bined heat transfer of a given piece of equipment (as for instance a steam 
radiator), another form of equation is frequently used: 

2rc ** 5 (<i — (5) 

Values of n in this equation usually range from 1.3 to 1.5 (see Chapter 25). 
The chief advantage of this equation is the convenience of representing 
heat transfer performance on logarithmic coordinates, and the factor B 
should be regarded as a simple constant of proportionality. 
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HEAT-FLOW RESISTANCE 

In most of the steady-state heat transfer problems encountered in air 
conditioning applications, more than one of the heat transfer mechanisms 
are effective, and the thermal current flows through several resistances in 
series or in parallel. In using the resistance concept the calculations in- 
volved are analogous to the application of Ohm*s Law in electricity, viz,, 
the heat flow or thermal current is directly proportional to the thermal 


Table 7. Heat Transmission by Radiation for Black-Body Conditions^ 
Expressed in Btu per (square foot) (hour) 


Temp 

F 

Dbg 

0 

-1 

-2 

-3 

-4 

-5 

-6 

■ 

-8 

-9 

-30 

59.3 

58.7 

58.2 

57.7 

S 7.2 

56.7 

56.2 

55.7 

55.2 

54.7 

-20 

65.2 

64.7 

64.1 

63.5 

62.9 

62.3 

61.7 

61.1 


59.9 

-10 

71.4 

70.8 

70.1 

69.5 

68.9 

68.3 

67.7 

67.1 

66.4 

65.8 

0 

78.0 

77.4 

76.7 


75.4 

74.7 

74.0 

73.4 

72.7 

72.1 


0 

+1 

+2 

+3 

+4 

+5 

+6 

+7 

+8 

+9 

0 

78.0 


79.4 

80.1 

80.8 

81.5 

82.2 

82.9 

83.6 

84.3 

10 

85.0 

85.7 

86.5 

97.2 

88.0 

88.7 

89.4 

90.2 

90.9 

91.7 

20 

92.4 

93.3 

94.0 

94.8 

95.6 

96.4 

97.2 

98.0 

98.8 

99.6 

30 

100 

101 

102 

mb\m 


105 

105 

106 



40 

109 

mum 

111 

112 

112 

113 

114 

115 


117 

SO 

118 

119 

120 

121 

122 

123 

123 

124 

125 

126 

60 

127 

128 

129 


131 

132 

133 

134 

135 

136 

70 

137 

138 

139 


142 

143 

144 

145 

146 

147 

80 

148 

149 

150 

151 

152 

153 

154 

155 

156 

157 

90 

159 

160 

161 

162 

163 

164 

166 

167 

168 

169 

100 

170 

171 

173 

174 

175 

176 

178 

179 


182 

no 

183 

184 

185 

187 

188 

189 

191 

192 

193 

195 

120 

196 

197 

199 


201 

203 

204 




130 

211 

212 

214 

215 

217 

218 

220 

221 


224 


•^Example: Radiation from walls of room at 32 F to surface at — 26 F for effective emisslvity of 0.96 - 
(102 — 62 8) 0.95 — 87.7 Btu per (square foot) (hour). 


potential or temperature difference, and inversely proportional to the 
thermal resistance: 


2rc -■ 


h ~ t2 
R 


( 6 ) 


Following the electrical analogy, when there is a thermal current flowing 
through several resistances in series, the resistances are additive: 

Rt =* + -Rs + . • . • (7) 


Similarly, conductance is the reciprocal of resistance, and for heat flow 
through several resistances in parallel, the conductances are additive: 



Practical Heat Transfer Problems 

The use of these relations for resistance and conductance makes pos- 
sible the solution of many practical heat transfer problems. As discussed 
in Chapters 6, 7 and 28, the practical analyses of heat transfer in building 
walls, in fin-tube coils and in pipe coverings, are usually computed by this 






















108 


CHAPTER 5 


1947 Guide 


method. The same resistance analysis may be applied to complicated 
steady-state conduction problems. Table 8 gives the resistances in six 
common cases of steady-state conduction. 

A complete analysis by the resistance method is well illustrated by 
considering the heat transfer from the air outside to the cold water inside 
of an insulated pipe. The temperature gradients and the nature of the 
resistance analysis are indicated by the two sketches of Fig. 4. 

Since air is sensibly transparent to radiation, there will be some heat 
transfer by both radiation and convection to the outer insulation surface. 
The mechanisms act in parallel on the air side. The total transfer by 
radiation and convection then passes through the insulating layer and 
the pipe wall by thermal conduction, and thence by convection and 
radiation into main cold water streams. (Radiation is not significant on 
the water side as liquids are sensibly opaque to radiation, although water 
transmits energy in the visible region). The contact resistance between 
the insulation and the pipe wall is presumed to be equal to zero. 

Referring to Fig. 4, the heat transferred for a given length N of pipe, 
qxc, Btu per hour, may be thought of as flowing through the parallel 
resistances Rt and Re, associated with the insulation surface radiation and 
convection transfer. Then the flow is through the resistance offered to 
thermal conduction by the insulation, Ra, through the pipe wall resistance, 
Ra, and into the water stream through the convection resistance, Ri. 
Note the analogy to the direct current electrical circuit problem. A 
temperature (potential) drop is required to overcome these resistances to 
the flow of thermal current. The total resistance to heat transfer, Rt, 
hour Fahrenheit degrees per Btu, is the summation of the individual 
resistances: 

Rt = Ri + R* + R« + R4 (9) 

where the resultant parallel resistance R 4 is obtained from: 



Provided the individual resistances may be evaluated, the total resistance 
can be obtained from this relation. Then the heat transfer for the length 
of pipe (iV, ft) can be established by the relation: 

gre (Btu per hour) =» (10) 

For a unit length of the pipe the heat transfer rate is: 

(Btu per hour foot) = (H) 

The temperature drop, A^, through an individual resistance may then be 
calculated from the relation: 


At = R qxc 

where R is the resistance in question. 


The problem is now reduced to one of evaluating the individual resist- 
ances of the system. This entails suitable integration of the rate Equa- 
tions 1, 2 and 3 to produce expressions of the form: 


2 


R 


( 12 ) 
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Table 8. Solutions for Some Steady-State Thermal Conduction Problems**^ 



* bThe thermal conductivity, A, in these solutions should be taken at the average material temperature 
(see Table 5). 

oXx>s« X — 2 808 logio X, 

dThls expression can also be employed as an apprcudmation for tapered fins or of annular fins by employ- 
ing average magnitudes of A and p. 
sTanh is the hj^perbollc tangent. 
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where q is the heat transfer rate, and At is the potential drop or tempera- 
ture difference through the reastance R. Table 8 lists such solutions for 
six different conduction S 3 ^tems. Table 2 in Chapter 6 and Table 1 of 
this chapter indicate the magnitudes of the thermd conductivities, k, to 
be employed in the expressions of Table 8, after dividing k by 12. 

The solution applicable to the problem depicted in Fig. 4, for the 
ceilculation of Ri and JR*, is case 2 in Table 8. Thus for a. 1 ft length of 
2 in. nominal size pipe (I. D. = 2.067 in., O. D. = 2.375 in.) insulated 
with 1 in. of material having a conductivity of 0.025: 


•Ri o — ni w i 8.6 X lO"* hr Fahrenlidt degree per Btu. 

X ^0 X 1 


R* 


log( 


2.188 

1.188 


2* X 0.026 X 1 


3.9 hr Fahrenhdt d^ee per Btu. 


The convection resistances to heat transfer from the pipe wall to the 
cold water, Ri, and from the air to the surface of the insulating material, 
Rc, are dependent on the flow conditions prevailing at these surfaces, and 
on the thermal properties of the fluids. The unit conductances for 
thermal convection, he, Btu per (hour) (square foot) (Fahrenheit degree), 
have been determined by test for many flow systems. These data may 
be employed to predict the conductances for similar flow systems. Table 5 
siunmarizes some empirical equations repressing such test results. 

For the problem under consideration (Fig. 4) case 3 of Table 5 is 
applicable for the calculation of the cold water side convection resistance 
Ri. Corresponding to the water velocity of 5 fps, the mass velocity is: 

(? «• 6 (ft per sec) X 62.4 flb per cu ft) X 3600 (sec per hr) =• 11.2 X 10* lb per (hour) 
(square foot). 

The inside diameter of the pipe D is 2.067/12 = 0.1725 ft. 

The average water film temperature will be estimated as 36 F (mixed mean 
fluid temperature of 34 F). Then case 3, Table 5 3 delds: 

he - 0.00486 (1 0 36) “ 650 Btu per (hr) (sq ft) (F deg). 

The transfer area on which this conductance is based is the inside tube 
area. Associated with 1 ft length of pipe there are: 

* X X 1 = 0.542 sq ft. 

Thus the resistance for 1 ft of tube length is: 

** he'Jxi “ m X ~ 0.542 ” ^ Fahrenheit degree per Btu. 

Case 9, Table 5 is applicable for calculating the free thermal convection 
resistance, JRc, existing between the surrounding air and the insulation. • 
The air temperature is given as 120 F. As an approximation a 20 deg 
temperature difference between the air and the pipe surface will be 
assumed. D — 4.375/12 = 0.364 ft. Then case 9 yields: 
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( 20 \o « 

= 0.63 Btu per (hour) (square foot) (Fahrenheit degree). (13) 

This result may not be deemed conservative inasmuch as the expression 
is for still air. If, however, the air is not still, but flows at approximately 
6 mph or 7 fps the mass velocity corresponds to: 

Ct = 7 X 0.07 X 3600 = 1770 lb air per (hour) (square foot). 

A magnitude of k = 0.014 Btu per (hour) (square foot) (Fahrenheit 
degree) per one foot thickness applied to case 4 yields: 

^ = 0-^5 (5|g) + 0.178 (1770)* » 

= 0 017 + 2.8 =* 2.8 Btu per (hour) (square foot) (Fahrenheit degree). 

This conductance is based on 1 sq ft of outside lagging area. Thus, since 
there are % X (4.375/12) = 1.14 sq ft of outside lagging area associated 
with 1 ft length of pipe: 

Rc = 2 ~ 3 X "jni4 ” 0*312 hr Fahrenheit degree per Btu. 

The radiation resistance, jRr, which acts in parallel with the convection 
resistance, J 2 c, for the transfer of heat to the surface of the insulation, may 
be calculated. For the purposes of this illustrative problem it will be 
assumed that the insulated pipe is exposed to (sees) surroundings, which 
exist at 120 F. Then the angle factor, Fa, is unity and for an estimated 
surface emissivity of 0.9 (see Table 6 ), F® = 0.9. As a first approximation 
the insulation surface temperature will be estimated as 20 deg below 
the surroundings at 120 F. Then the radiation per degree of temperature 
difference, by Equation 3 (or more conveniently by Table 8 ) divided by 
the temperature difference will be: 

hr = (hour) (square foot) (Fahrenheit d^ee). 

The outside surface area of the insulation associated with 1 ft of pipe 
length was previously calculated as 1.14 sq ft. Thus: 

Rx «=■ 1 17 ^ 1 14 ' " Fahrenheit degree per Btu. 

The resultant resistance of Rq and Rx acting in parallel (see Fig. 4) can 
now be evaluated as: 

^ “ 0^ "OW " (hour) (Fahrenheit degree). 

R 4 *= 0.22 hr Fahrenheit degree per Btu. 

The over-all resistance, Rt, surroundings to cold water, is the sum of 
Fi + F 2 + ^ + -R 4 “ 4.1 hr F deg per Btu for 1 ft length of pipe. Note 
that the controlling resistances are R^ and i^and that neglect of both Fi 
and R 2 would not significantly influence the total resistance. Ft* 

On the basis of this resistance calculation the heat transfer from the 
surroundings to the cold water may be evaluated as: 

% - — - 21 Btu per (hour) (foot) 

iv ivT 4.1 

or about 0.175 tons of refrigeration per 100 ft of pipe. 
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Since the calculation is based on a 1 ft pipe length: 

flic « 21 Btu per hour. 

The temperature drops through the various resistances are now readily 
evaluated by Equation 12 as: 

/o— air to insulation surface *■ i 24 Src =* 0.22 X 21 « 4.6 F. 

ifls— ^ through the insulation *■ -Rs grc 3.9 X 21 « 82 F. 

( 82—^81 through the pipe wall « i?a Stc “ 8.6 X 10^ X 21 « 0.02 F. 

isi— pipe wall to cold water » Ri grc “ 2.8 X 10** X 21 = 0.06 F. 

The solution was obtained on the assumption that the air temperature 
and the outside temperature differed by 20 deg. In order to obtain a 
slightly better estimate of the rate of heat transfer the numerical solution 
should be repeated using the temperatures calculated from the previous 
listed temperature differences. 

The foregoing problem serves to illustrate a general method of solving 
steady-state heat transfer problems. There are many problems which 
cannot be approximated by steady-state solutions. For instance, the 
problem of pipe line insulation in transient service; the behavior of auto- 
matically controlled thermoflow circuits; or the periodic absorption of 
solar energy by roof and wall structures during the day and nocturnal 
radiation to the cold sky at night. The transient heat transfer problem 
differs from the steady-state in that energy storage rates need to be 
considered. Thus thermal capacity in addition to resistance effects is 
significant. The vector sum of the thermal capacitance and resistance is 
the thermal impedance. It is not within the scope of this chapter to deal 
with these problems. There are, however, solutions available in graphical 
form for certain special cases. Also a general approximate method may 
be employed which is analogous to the treatment of capacity-resistance 
lumped parameter electrical circuits. 
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Heat Transfer Symbols; Calculating Overfall Coefficients; 
Conductivity of Homogeneous Materials; Surface Conduct- 
ance; Air Space Conductance; Practical CoeiKcfents and Their 
Use; Computed Heat Transmission Coefficients; Roof Co- 
efficients; Combined Ceiling and Roof Coefficients; Basement 
Floor, Basement Wall, and Concrete Slab Flexor Coefficients, 
Condensation in Buildings 

T he design of conditioning or heating systems for buildings requires 
a knowledge of the thermal properties of the walls endosing the 
space. The rate of heat flow through the walls under steady-state 
conditions at design temperatures is usually the basis for calculating the 
heat required. For a given wall under standard conditions the rate is 
a spedfic value designated as U, the over-all coefficient of heat transmission. 
It may be determined by test in a guarded hot box apparatus or it may 
be computed from known values of the thermal conductance of the 
various components. Because testing of all combinations of building 
materials is impracticable, the procedure and necessary data for calcu- 
lation of the value of U are given in this chapter, together with tables 
of computed values for the more common constructions. 

HEAT TRANSFER SYMBOLS 

TJ = over-all coefficient of heat transmission (air to air) ; the time rate of heat flow 
expressed in Btu per (hour) (square foot) (Fahrenheit degree temperature difference 
between air on the inside and air on the outside of a wall, floor, roof or ceding). The 
term is applied to the usual combinations of materials in construction and also to single 
materials, such as window glass, and includes the surface conductance on both sides. 

k = thermal conductivity; the time rate of heat flow through a homogeneous material 
under steady conditions through unit area per unit temperature CTadient in the direction 
perpendicular to the area. Its value is expressed in Btu per (hour) (square foot) (Fahren- 
heit degree per inch). Matenals are considered homogeneous when the value of ife is 
not affected by variation in thickness or size of sample within the range normally used 
in construction. 

C — thermal conductance; the time rate of heat flow through a material from one of its 
surfaces to the other per unit temperature difference between the two surfaces. Its value 
is expressed in Btu per (hour) (square foot) (Fahrenheit degree). The term is applied 
to specific materials as used which may be either homogeneous or heterogeneous. 

/ — film or surface conductance; the time rate of heat flow between a surface and the 
surrounding air. Its value is expressed in Btu per (hour) (square foot of surface) 
(Fahrenheit degree temperature difference). Subscripts i and o are used to differentiate 
between inside and outside surface conductances respectively. 

a » thermal conductance of an air space; the time rate of heat flow through an air 
space per unit temperature difference between the boundary surfaces. Its value is ex- 
pressed in Btu per (hour) (square foot of area) (Fahrenheit de^ee). The conductance of an 
air space is dependent on the temperature difference, the height, the depth, the position 
and the character of the boundary surfaces. The rdationships are not linear and accu- 
rate values must be obtained by test and not by computation. 

R = thermal resistance. Its value is expressed in Fahrenheit d^ees per (Btu) 
(hour) (square foot). It may represent any of the following and must therefore be 
properly described: 

a» over-all or air-to-air resistance 
“ resistance per unit thickness (resistivity) 
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-g- *= resistance of a material (surface-to-surface) 
ss film or surface resistance 
= air space resistance 


CALCULATING OVER-ALL COEFnCIENTS 

From Chapter 5, Equation 7, the total resistance to heat flow through 
a wall is equal numerically to the sum of the resistances in series. Then 
by definition, 

“ i “ i?i + i?, + + • • • + i?n • 

where 

Rit Rit etc. are the individual resistances of the wall components. 

Rt =* total resistance. 

For a wall of a single homogeneous material of conductivity k and thick- 
ness X, with surface coefficients /i and/o 

U as -L as - 

JL . ^ . A (2) 

fi ^ k ^ fo 


For a compound wall of three homogeneous materials in series, having 
conductivities Ai, h and h and thicknesses xi, and xz respectively, and 
laid together without air spaces, 

I 

J_ ^ 4- 4. JEL 4- J_ (3) 

fo 

For a wall with air space construction and consisting of two homo- 
geneous materials of conductivities ki and h, thicknesses Xi and X 2 r and 
separated by an air space of conductance a 



In the case of types of building materials having non-uniform or 
irregular sections such as hollow clay tile or concrete blocks, it is necessary 
to use the conductance C of the section unit as manufactured instead of 

a conductivity k. The resistance of the section is therefore substi- 
tuted for in Equations 2, 3 and 4. 


CONDUCTIVITIES AND CONDUCTANCES 

The method of calculating the over-all coefficient of heat transrhission 
for a given construction is comparatively simple, but accurate values 
of conductivities and conductances must be used to obtain satisfactory 
results. In addition there are sometimes parallel heat flow paths of 
different resistances in the same wall, which require modification of the 
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formula. In such cases calculated results should be checked by test 
measurements. 

The determination of the fundamental conductivities and conduc- 
tances requires considerable skill and experience to obtain accurate 
results. It is recommended that thermal conductivities of homogeneous 
materials be determined by means of the Guarded Hot Plate \ For deter- 
mination of conductances, a Guarded Hot Box method ^ is generally used. 

Tables 1 and 2 give conductivities and conductances which are quite 
generally used in calculation and which have been selected from various 
sources. Wherever possible the properties of the material and test 
conditions are given. In selecting and applying heat transmission values 
to any construction, caution is necessary, because coefficients for the 
same material may differ because of variations which occur in test 
methods, in the materials themselves, or in the temperature of the mater- 
ial when tested. 

Conductivity of Homogeneous Materials 

Thermal covductivity is a property of a homogeneous material and of 
types of building materials such as lumber, brick and stone which may be 
considered homogeneous. Most insulating materials, except air spaces 
and reflective types, are of a porous nature and consist of combinations 
of solid matter with small air cells. The thermal conductivity of these 
materials will vary with density, mean temperature, size of fibers or 
particles, degree and extent of bond between particles, moisture present, 
and the arrangement of fibers or particles within the material. 

The effect of density upon conductivity (at constant mean temperature) 
is illustrated for two fibrous materials in Fig. 1. It will be noted that for 
each there is an optimum density for lowest conductivity. T^ypical 
variation of conductivity with mean temperature is shown in Fig. 2. 



Fig. 1. Typical Variation of 
Thermal Conductivity with 
Density— FOR Fibrous 
Material 



Fig. 2. Typical Variation of 
Thermal Conductivity with 
Mean Temperature 
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Table 1. Conductances (C) for Surfaces and Air Spaces 

AU conductance values expressed tn Btu per (hour) (sguarefoot) (Fahrenheit 
degree temperature difference). 


Position 

OF SUSFACB 


degree temperature difference), 

Secttom A. Surface Conductances for Still Alr^ 


Surface Bmissivity 



Section B. Conductance of Vertical Spaces at Various Mean Temperaturesb 


Mean Conductances of Air Spaces for Various Widths in Inches 

Temp 



Section C. Conductances and Resistances of Air Spaces 
Faced on One Surface t^lth ReflectlTe Insulatlone 


Location AND 
Position of 
A m Space 


Temp** 

Diff 

Direction Fahr Deg 

OF 

Heat 
Flow 


Conductance' 

(O 


Down 

45 

Up 

45 

Down 


Up 


Down 

45 

Up 

45 

Down 


Up 




Horizontal 

Horizontal 

Horizontal 

Horizontal 

80 deg slope 
80 deg slope 

80 deg slope 
80 deg slope 


Stud Space 

Vertical 

Vertical^ 

Vertical 


•Radiation and Convection from Surfaces in Various Positions, by G. B. Wilkes and C. M. F. Peterson 
CA S.H.V.E. Transactions, Vol. 44, 1938, p 513). 

^A S H V.E. Research Report No 826 — ^Thermal Resistance of Air Spaces, by F. B. Rowley and A. B. 
Algien (A.S.H.V E. Transactions, Vol. 35, 1929. p. 165). 

•Thermal Test Coeffidents of Aluminum Insulation for Bufldings, by G B Wilkes, F. G. Hechler and 
E. R. Queer (A.S H.V.E. Transactions, Vol. 46, 1940). 

temperature difference is based on total space between plaster base and sheathing, flooring or roofing. 

•These air space conductance and resistance values are based on one refiective surface (aluminum) 
having an emissivi^ of 0 05 facing each space and are based on total space between plaster base and sheath- 
ing, flooring or roofing. The rafter and stud spaces are divided into equal spaces. 

/Stud space is lined on plaster base side with loose paper with aluminum on surface facing air space. 
The resistance of the small air space between the plaster base and paper was 0 43. 

•Radiation and Convection Across Air Spaces in Frame Construction, by G. B. Wilkes and C. M. F. 
Peterson (A.S.H.V.E. Transactions, Vol. 43. 1937, p 351). 

’The recommended surface conductance for calculating heat losses for still air for non-reflectlve surfaces 
is 1.65 Btu. For a 15 mph wind veloaty, the recommended value is 6.0 Btu. These co^dents were 
derived from Fig. 3 which was based on tests conducted at the University of Minnesota, and apply to 
vertical surfaces. 






























Heat Transmission Coefficients of Building Materials 


117 


Table 2. Conductivities (A) and Conductances (C) of Building and 
Insulating Materials 

These constants are expressed tn Btu per (hour) (square foo() ^ahrenhett degree temperature difference). 
Conductivities (k) are per inch thickness and conductances (Q are for thickness or construction stated, 

not per inch thickness 


Material 


Deserlption 


DsnscftI 

(Lbfxb 

CuFt) 


MianI 

Tkmp 

(Faer 

Dbo) 


CONDTJL'i'lVri'Z 

OS 

CONSIJCTAirOl 


(A) (0 


Bbsisxaecb 


Per Inch, 
Thicknessl 

(t) 


Tot 

Thieknessl 

Listed 

(i) 


BUILDING BOARDS 

(NOK-I»BXrLATINO) 


Compressed cement and aebestOT sheets . 

Corrupted asbestos board 

Pressed asbestos mill board. 


Gypsum board— isypsum between la^ 

of heavy pa]^ 

liiLgypsumDoard ^ 

‘I m. gypsum boards.... 

in. gypsum board - 


128 

204 

60A 

m 

58i 


go 


270 

048 

0A4 

1.41 


873 

2A2 

260 


037 

208 

1.19 

0.71 


OJ87 

0.85 

0.38 


(3) 


( 1 ) 


FRAME CONSTRUCTION 
COMBINATIONS - 


lin fir sheathing and buildmgpapOT . _ 
1 in fir building paper and 

yellow idnelf^fflding . .... ......... 

1 In. fir building papOT 

stucco . 

Fine lap siding and building paper, siding 

4in.wide 

Yellow pme lap siding...... 


80 


0A6 

OJK) 

0A2 

0B5 

1.28 


116 

200 

1.22 

118 

078 


MASONRY MATERIALS 
Bbiok. ......... 


Damporwet 

Common yellow day brick*... . .. 

One tier yellow common bridk, one 
tier face brick, approx. 8 in. thmk*. 


5.0* 

4B 


OiO 

OJll 


077 


1.30 


(4) 


ClATTiXi1,HO£LOW . . 


2 liu Tile, H in. plaster both ddes. . . 

4m. Tile, Hm plasterbothddes.^.... 
6 in. Tile, m. plastOT both Bides 

8 in. Tile, average of 8 types (Walls No. 

62,63. 64. 66b 67. 90. 91. 92*) . 

12 m. Clay tile wan 8m.x5in.xl2in. 
and 4 in. z 5 in X 12 in.* ... 


1200 

127.0 

124.8 


1.00 

060 

0.47 


100 

167 

2A8 

1D2 

8A4 


CoHonn. 


Sand and gravel aggregate, various ages 
andnuzes. ........... .. 

Sand and gravel aggregate ..... ....... 

Limestone aggregate.. ... . 

Cinder aggremte. 

Steam treated limestone slag aggregate* 
Pumice (Mined m CalifOTma) a^r^te*. 
Expands burned day aggregate*..... 

Burned day aggregate*,........... . .... 

Blast furnace slag a|asregatc — . .. . 
Expanded venmoubte aggregate.. . 
Eomnded venmoubte aggregate 


142 

132 

97 

74.6 
650 
599 
67.1 
76.0 
20 

26.7 


1185 

to 

1686 

126 

108 

4.9 

287 
242 

288 
286 
1.6 
068 
0.76 


089 

to 

006 

008 

009 

0.22 

044 

041 

044 

086 

068 

1.47 

182 


AUTHORinZS* 

^U. S Bureau of Standards, tests based on samples submitted by manufacturers. 

>A. C. Willard, L. C. lAchty and L. A. Harding, teats conducted at the University of Illinois. 

C Peebles, tests conducted at Armour Institute of Technology, based on samples submitted by 
auuiufacturers 

^F. B. Rowley, et al, tests conducted at the University of Minnesota. 

•A S H V E. Research Laboratory. 

•E. A. Allcut. testa conducted at the University of Toronto. 

•See Thermal Conductivity of Building Materials, by F. B. Rowley and A. B. Algren (University of 
Minnesota Engineering ^penment Station Bulletin No. 12). 

^Heat Transmission Through Insulation as Affected by Orientation of Wall, by F. B Rowley and 
C. E Lund (A S H.V E Transactions, Vol. 49, 1943, p 381). 

•The Effect of Convection in Ceiling Insulation, by G. B. Wilkes and L. R. Vlaney (A.S H.V.E. Trans- 
actions. Vol. 49, 1943. p. 196), 

^See A.S.H V E Research Report No. 916— Conductivity of Concrete, by F C. Houghten and Carl 
Gutberlet (A.S H V E. Transactions, Vol. 38. 1932, p. 47) 

•See Heating, Ventilating and Air Conditioning, by Harding and Willard, revised edition, 1982. 

/See BMS13, U. S. Department of Commerce, National Bureau of Standards. Washington, D. C 

•Roofing, 0;16 in thick (1.34 lb per sQuare foot), covezed-wlth gmvel (0 83 lb per square foot). combined 
thickness assumed 0.25. 
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Table 2. Conductivities (k) and Conductances (C) of Building and 
Insulating Materials— Continued 

These constants are expressed in Btu per (hour) (square foot) (Fahrenheti degree temperature difference) 
Conductivtttes (k) are per tnch tktckness and conductances (Q are for iki^ess or construction stated, 
not per inch thichiess. 
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Table 2. Conductivities (k) and Conductances (C) of Building and 
Insulating Materials— -Continued 

These consianis are expressed tn Btu per {hour) {sptare foot) (Fahrenheit degree temperature difference), 
Conductiwttes (ft) are per tnch thickness and conductances (Q are for thickness or constnutum stated, 

not per inch thickness 




Dhnsett 

Material 

Description 

Cu Ft) 



Hard maide, 0 per oent moistiire> ^ ^ „ 
Maple. .. .... 

Maple, across grain... 

Norway pine, 0 per oent nunstore" 

Bed cypress, 0 per cent moisture^ .. .. 

Bed 0 per oent mdsture* 

Short leaf yellow pine, 0 per oent moisture* 
Soft elm, 0 per oent moistare* ........ 

Soft maj^e, 0 per oent moisture* .. 

Sugtf pme, 0 per oent moisture* 

VIrgima pine .. ........ 

West eoast hemlook, 0 par oent moisture* 
White pme. «« » ...... 

Yellow pine. 

Sawdust, yanous.. .. ........ 

Shavings, various from planer 
Shavings, from maple oeech and Isrch 
(coarse) ........ « - 


32 0 75 

320 75 


840 75 

420 75 


80.0 75 

31.2 86 


OLATING MATERIALS 
AimT AND Bat 

iNBULinONS. 


Chemically treated wood fibers hdd 
between layan of strong paper.... .. 
Ed grass between strong paper . « .... 

Ed grass between strong paper . .. .. 

Flax fibers between strong raper 
Chemically treated hog hair between 
kraf t papa- ... 

Cbemioally treated hog hair between 

kraft papa: and asbestos paper 

Hair fdt between liters of paper 

Kapok between burlap or paper 


Kapok between burlap or paper 

Stitdhed and oreped expanding fibrous 
blanket „ « .. 

Phper and as^tos fibv with emulsified 
asphalt binder ...... 

Cotton insulating bat. ........ 

Cotton fibers 

Short Staple Lmters, Fireproofed. 

Short Staple Lmtms, Fireproofed . . 
Short Staple Lmters, Fireproofed. 

Sh(^ Staple Lmters, Fireproofed 
Short Staple Lmters, Fireproofed. ........ 

Short Sta^e Lmters, Fireproofed 

Fdted cattle hair ..... . .. ...... 

Fdted cattle hair ...... ... 

Fdted and asbestos . .... 

Ground paper between two layers, each 
H in thick made up of two layers of 
kmt paper (^mple H m thick)... . 



3 62 70 

4.60 90 

8 40 90 

4.90 90 


7 70 71 

1100 75 


4.2 04 

0A75 72 


6 25 90 

4A0 90 


0B6 90 

0 65 00 
13 00 00 
1100 00 




^ notes on Page 117. 
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Table 2. Conductivities (k) and Conductances (C) of Building and 
Insulating Materials— Concluded 


Tfuse constants are expressed tn Bin per (hour) (square foot) (Fahrenheit degree temperature difference) 
Conduetmties (k) are per tnch thickness and conductances (Q are for thickness or construction stated, 
not per tnch thickness. 





Mban 

Tbup 

(Fahb 

1 CONDTTOIlVin 

1 RSSISTANai 




Dnssm 

njann 

Onl^) 




1 


Material 

Deacriptlon 

CONDUOXAKODi 

Per Inch 





Dbq) 









(t) 

(0 

(i) 

Bil 


INSULATING MATEBIAIS 







mu 


— Contiimed 

TmnTT^TTwa Bn^nn . 

Made from liooiioe rooL ^ ^ ^ ^ 

16.1 

81 

0.84 


294 


(8) 

— Conturaed 

a in. insulating boards mihout spedal 




finish/ (eleven sampleB) 

16A 

60 

0.88 


308 


(1) 


to 


to 


to 




21A 


0.40 


230 




1 in. board* - ... .... ...n. 

m 

.. 

0.84 

... 

2.94 

B 

(4) 

LooffB Fill Tipi 

Made from eaba fibers ...... 

1.60 

76 

0.23 


435 


(8) 


Made from eeiba fibers ......... ....... 

Fibrous material made from dolondte 

1.60 

76 

0.24 

" 

417 

— 

(8) 


andffllica. .... ....... 

lAO 

76 

0J27 


8 70 

BiH 

MB 


Fibrous material made from alag....^...... 

940 

E« 

0.27 


370 

BUmH 

ill 


Redwood bark.. ... .... ............... ......... 

800 

90 

0.81 


832 


mb 


Redwood bark...... 

(Bass wool fibers 0.0008 in. to Oj 006 in. 

5.00 

75 

0.26 

- 

834 




in diameter..^.. .... ........ 

(3rannlar from noTTibintri 

liO 

76 

0.27 


870 




rilioate of alumina. . , h- .. 

4.20 

72 

024 


417 




Eqianded Termionlite. ..... 

Eqwnded vermieuhte, partide sise— 


.. 

0A8 

- 

208 

812 

WBm 



-3 + 14 ... .... ..... . 

6.2 


032 

.. 



8 


Regranulated ocs-k about % m. pmrtides 

810 

90 

031 


832 




Ha^ apjplied ^pnnular min^ md 2 in. 
to 6 m thick; horuontal poaidonb. 

605 

to 

.. 


- 

838 

to 

— 

(4) 


Nooovenng... ............. 

4 in. maohme blown granular mmeral 

7.18 

- 


... 

8.08 




wodihoiuontalpoBition^ No covering 

5.74 


030 


838 




Rockwod. 

10.0 

90 

037 

- 

wmm 

— 

(1) 

Slam IimLAnom. 

Gorkboazd* no added Under ... . 

140 

90 

034 


294 




Gorkboard, no added binder . . 

10 6 

90 

030 

! ^ 

833 





Corkboard, no added binder^ ...... 

70 

90 

037 



■■ - 

ilfl 


Corkboard, no added binder. ....... 

64 

90 

0.25 





MM 


Corkboard* . . ...... ... 

8.7 


039 


845 



qm 


Corkboard, asphaltic binder 

Chemieally treated bog hair with film of 

14.5 

90 

032 

“ 

8.12 

3.67 


1 


asphalt . .... . .... 

Sugar cane fiber insulation blocks en- 

10.0 

76 

038 





cased in asMt membrane. 

Made from 85 per cent magnesia and 
15 per cent asbestos .» . .... ... 

18.8 

70 

030 


838 




m 

86 

031 

,, , 

196 





Made from shredded wood and cement 

24.2 

72 

046 

. • 

217 





Made from shredded wood and cement*.. 

29.8 

.. 

077 

.. 

130 

■ 

(4) 


See notes on Page 117. 


Surface Conductance 

The surface conductance of a wall is the combined heat transfer to or 
from the wall by radiation, convection and conduction. Each of the 
three portions making up the total may vary independently of the others, 
thus affecting the total conductance. The heat transfer by radiation 
between two surfaces is controlled by the character of the surfaces 
(emissivity), the temperature difference between them, and the solid 
angle through which they see each other. The heat transfer by convection 
and conduction is controlled by the roughness of the surface, by air 
movement and temperature difference between the air and the surface. 

The importance of the effect of temperature of surrounding surfaces 
on the surface conductance due to the effect on radiation is illustrated in 
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Table 3, which applies to a vertical surface at 80 F, with ambient air at 
70 F and effective emissivity equal to 0.83 

In many cases, because the heat resistance of the internal parts of the 
wall is high compared with the surface resistance, the surface factors are 
of minor importance. In other cases, e,g. single glass windows, the 
surface resistances constitute almost the entire resistance and are there- 
fore very important. In a building heated by convection there is only a 
slight difference between the temperatures of the interior wall surface 
and the surroundings, but if the building is heated by radiant panels there 
may be a considerable difference (See also Chapter 31.) 

The convection part of the surface conductance coefficient is affected 
markedly by air movement. This is illustrated by Fig, 3, which shows 
the surface conductances for different materials at a mean temperature 
of 20 F and for wind velocities up to 40 mph. These include the radiation 
portion of the coefficient, which for ordinary building materials under 
these conditions would be constant at about 0.7 Btu. 


Table 3. Variation in Surface Conductance Coefficient with Different 
Temperatures of Surrounding Surface 


Surrounding Surface Temperature 

75 F 

70 F 

69F 

60 F 

60F 

Convection — Btu per (hr) (sq ft) 

6.6 

6.6 

66 

6.6 

6.6 

Radiation — Btu per (hr) (sq ft) 

4.4 

8.6 

9.6 

17.0 

24.9 

Total — Btu per (hr) (sq ft) 

11.0 

15.2 

16.2 

23.6 

31.6 


Due to these variations for different conditions the selection of surface 
conductance coefficients for a practical building becomes a matter of 
judgment. In calculating the over-all heat transmission coefficients for 
the walls, etc. of Tables 6 to 18, 1.65 has been selected as an average 
inside surface conductance and 6.0 as an average outside surface conductance 
for a 16-mile wind. These values apply only to ordinary building ma- 
terials and should not be used for bright metal surfaces having a low 
emissivity. 

In special cases, where surface conductance coefficients become 
important factors in the over-all rates of heat transfer, more selective 
coefficients may be required. The surface conductance values given in 
Table 1, Section A are based on recent tests and are for still air conditions 
and surface emissivities of 0.83 and 0.05 respectively, and may be used 
where it is desirable to differentiate between horizontal and vertical 
surfaces or where coefficients applicable to low-emissivity surfaces are 
required. 

Air Space Conductance 

The transfer of heat across an air space involves the bounds^ surfaces 
as well as the intervening air, consequently the factors influencing surface 
conductance play an important part in determining the conductance of 
the air space. The coefficients given for air space conductance represent 
the total conductance from surface to surface. 

The radiation portion of the coefiicient is affected by the difference 
in temperature between the boundary surfaces and by their respective 
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emissivities and is practically independent of depth. The convection and 
conduction transfer is controlled by depth and shape of the air space, 
the roughness of the boundary surfaces, the mean temperature and the 
direction of heat flow. For air spaces usually employed in building 
construction, the radiation and convection factors vary independently 
of each other. 

Table 1, Section B gives experimentally-determined conductances of 
vertical air spaces bounded by such materials as paper, wood, plaster, etc., 
having emissivity coefficients of 0.8 or higher, and having extended 
parallel surfaces perpendicular to the direction of heat flow. The con- 
ductances decrease as the depth is increased but change only slightly 



10 15 20 25 30 35 40 

AIRVELOCrrY,M.P.H. 


Fig. 3. Curves Showing Relation Between Suepacb Conductances for 
Different Surfaces at 20 F Mean Temperature 


for spaces greater than ^ in. Air space tests reported by Wilkes and 
Peterson gave conductance values for air spaces of 3^ in. depth having 
boundary surfaces with emissivity values of 0.83 as follows 

Vertical 1,17 

Horizontal ^heat flow upward) 1 32 

Horizontal (heat flow downward) 0.94 

Since, in buildings, the same constructions may be used for conditions 
where the direction of heat flow may be in one direction or its opposite, 
and since much of the construction involves vertical air spaces, an average 
value of 1.10 Btu per (hour) (square foot) (Fahrenheit degree temperature 
difference) was chosen for use in calculating the over-all coefficients in 
Tables 6 to 18 wherever air spaces M in. or more in depth were involved. 
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If one or both bounda^ surfaces of an air space are faced with metals 
which have low emissivity surfaces, the radiant heat transfer will be 
greatly reduced in comparison with that occurring from surfaces of 
ordinary building materials. Table 1, Section C gives conductances 
and resistances of air spaces bounded by one reflective surface with an 
emissivity of 0.05. These values include heat transferred both by radi- 
ation and convection, but the radiation component is relatively small 
for the test conditions. 

When reflective materials are installed with single or multiple air 
spaces, the position (vertical, horizontal or inclined) of the material and 
the direction of heat flow must be taken into consideration. For example, 
the resistance to upward heat flow is about one-third the resistance to 
downward heat flow in a horizontal position (Table 1, Section C). The 
diflference between the conductance through vertical air spaces and that 
through horizontal and sloping air spaces with upward heat flow is 
considerably less. For upward heat flow it is recommended that a value 
of 0.46 be used for the conductance of horizontal or sloping air spaces 
bounded on one side by reflective materials having an emissivity of 
approximately 0.05. The same conductance value is also recommended 
for similar vertical air spaces. 

When considering heat transfer to and from reflective surfaces in 
building construction, the emissivity should be known. This can be 
deternained directly for the long wave length radiation corresponding 
to average room and wall temperatures. The possibility of change in 
emissivity with time of exposure due to surface coatings, chemical 
action, deposition of dust, etc. must be considered in selecting a material 
for use ®. 


PRACTICAL COEFnCIENTS AND THEIR USE 

For practical purposes it is necessary to have average coefficients 
that may be applied to various materials and types of construction with- 
out the necessity of making actual tests. In Table 2 coefficients are given 
for a group of materials which have been selected from tests by various 
authorities. Since there is some variation in the resulting vdues due 
to variations in materials and in test conditions, average values for the 
usual conditions encountered in building practice have been selected and 
listed in Table 4. These coefficients were used in the calculation of over- 
all coefficients given in Tables 5 to 18. These tables constitute typical 
examples of combinations frequently used, but any special constructions 
not given can be computed by the use of the conductivity values in Table 
4 and the fundamental heat transfer formulae. 

Caution 

The user should realize that the average conductivity and conductance 
values given in Tables 2 or 4 do not necessarily apply to all products of 
the same general description. In using these vdues judgment should 
be exercised with regard to the extent to which the product (either as 
received or as applied) will comply with the tabulated values. Exact 
conductivities or conductances for specific materials should be obtained 
from the manufacturer. 

Insulating Materials 

In order to determine the benefit derived from the addition of insulat- 
ing materials to a given construction, the over-all coefficient of heat 
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Table 4 Conductivities ( k ) and Conductances (C) Used in Calculating 
Heat Transmission CoEFFiaENTS (C7) in Tables 6 to 18 

These ccmstarUs are expressed in Bin per {how) {smiare foo() (Fahrenhest degree temperature difference). 
Condtuttvtites {k) art per inch thickness and conductances (Q are for thickness or construction stated, 

not per inch thickness. 


MATERIAL 

DESCRIPTION 

Gonductevitt 

OB 

CONDCOTAiraB 

Rbsisxakcb 

Per Inch 
Tbeknest 

(i) 

For 

Thickness 

listed 

(h) 



AIRSPACES 






Bouanm bt oaniNAsr miTiiMAifl...... 

Vertioal*, ^ in. or more b iridth.. 



1.10 



091 

Bothidbd bt JLLuiamiif roo 

Vertioal% K b. or more b width.. 

— 

0.46 

— 

217 

EXTERIOR FINISHES Walls) 






■Rwinir V»viniii 

A rn. fhiAlr (TinmiTiAl) 


227 



Stucco (1 ik.) » - 


12JK) 


mmm 


Wood SiooLBa^^ „ « 



1.28 



Tirrinw Prim Lap Sn-ran . 



1J28 









INSULATING MATERIALS 






AT.mmTOM Fon*. , 

See Air Spaeee . r - 






Made from mmeral or v^etable fiber or 

0.27 


3.70 




ftmmftl ha’**, nr npen.,,.. 





OOBIBOABD^^..^ ... ^ 

Pure, no added binder . . 

0.30 


3.83 


TwRTTt.ATrwa BnAm 

Va^ihaKlA fiVwM* 

0.88 


3.03 


lifTwintAT. Waat. 

mfidA from rtx^, «l»»g or glMS 

0.27 


3.70 


VaBincuLEra. 

Eiqpanded. 

048 


208 

— 

INTERIOR FINISHES 






CoMPosmoK Watjjoabp .. 

^ b. to H in* think 



200 



Gtpsttu PtAsraa 

• M MM PM •• „„„ •• M M MP* 



0.30 



Gitsttu Boabd (H m ). » ... 

Plab or decorated . — . - . 



— 


Gtpsuu Lath (H uf.) and Flabtbb. 



24 


0.42 

InsulatznoBoabdCHin.) ...... 

Plab or deoorated. ...... . . . 





1.52 

iNStjiiATnra Boabd Lath (]^ nr.) ahd 






Fubibb .... . . . . 

Plaster thickness assumed HhL. . 




167 

Imbtjutino Boabd Lath (1 nr.) aitd 






Plabthb .... 


>»r 



818 

Mktal Lath AroPpASTBa. 







0 J 2 S 

Pltwood cm w 

Plab or decorated. ........ 

rt trr,. 

212 

-1,. 

047 

Wood Lath a«d Plabibb.... ». 

.... — 

.. 

HI 

— 

040 

MASONRY MATERIALS 






BnTAg ..... 

Adnhe, e«e«med A UI. tbiftTt__ 


089 


112 

‘Rptatc . .. _ . ... 

Gnimmoo, MfliinJAd A in_ think _ 


125 


080 

BttTAir,,. .. ... „ 

Pfije, A in. tbiftlr 


2.30 


0.43 

Cbubitt Mobtab 


i2D0 


008 


8 nr Glat Tiug (hollow).... ... . ... 

^ 

— 

1.28 


0.78 

4 nr. Glat tub (hollow) 

„ „ ^ M -f »T t f-r« 

— 

1.00 



1.00 

6 nr. Glat tub (hollow).... 



0.64 


1.57 

8 nr. Glat hlb (hollow). . 

- .p. -f-A , 

TT,- 

0.60 



1.67 

10 nr Glat tilh (hollow).. 

. _ _ _ 


058 

— » 

172 

12 nr. Glat tilb (hollow) . . 

- - - — — T -r- 

.. 

040 

— .. 

250 

16 ZH. Glat tilb (hollow) , 

. . _ .. — T -P - - . 


0.31 


3.28 

OAVARimB . - 

T.iffhi AorprApafAb 

2.50 


040 


Gohobbth. .... ......... . 

Sand a^ gravu aggregate. .... . 

12 00 


008 


3 nr Gonobbtb blocks . 

Hollow, oindcr aggregate ... 


1.28 


078 

4 nr. Goncbbtb blocks^ . 

Hollow, omder aggre^te . . 


1.00 


100 

8 nr. CoHOBBiB blocks . .. .. .. . 

Hollow, gravel aggre^te - . . 


100 


100 

12 nr. Gohcbbtb blocks . 

Hollow, g^vel aggre^te. . 


080 

■ 

1.25 

8 nr Goncbbtb blocks. ..... 

Hollow, dnder aggregate. - ...... 


060 


166 

12 nr. Gohcbbtd blocks .. ... . .. 

Hollow, cinder aggregate. . . ..... 


0.53 


1.88 

8 nr. CoNCBBiB blocks ...... .. 

Hollow, light weii^t aggregate^—.. 

.. 

OiiO 

„„„„ 

200 

12 nr CozroBHig blocks 

Hollow, li^t weifidit aggreeate^.— . ... 


047 


213 

GrPSUlC HBBB CONOBBin... ... 

S7)i per bent gjrpsum and 12H per cent 






wood cbps. ... 

1.66 


060 



8 nr. Gtpsum tilb 

HoUow.. - . 


0.61 


1.64 

4 nr. Gtpsum tilb 

Hollow... .... .... 


0.46 


2.18 

Stucco-.. .... . 

„ ^ „ , 

12.50 


008 

-tf-T 

Tilb and Tbbbabo—.. 

For flooring ....... .. .. 

1200 

- r- 

008 





1250 


008 








•Conductance values for horizontal air spaces depend on whether the heat flow Is upward or downward, 
but m most cases it is sufficiently accurate to use the same values for horizontal as for vertical air spaces. 
*Eipanded slag, burned clay or pumice. 
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Table 4. Conductivities ( k ) and Conductances (C) Used in Calculating 
Heat Transmission Coeffioents (U) in Tables 5 to 18 — Concluded 

These constants are expressed in Bin per (hour) (s(^re foot) j^ahrenheit degree temperature difference) 
Conduettvtttes (k) are per inch thickness and conductances (C) are for thickness or construction stated, 

not per inch thikness. 


MATERIAL 

DBSCRIPnON 

CONDUCnVlTX 

OB 

CONDUOTANOS 

Rbsis 

^er Inch 
Thickness 

(1) 

IANCB 

For 

Thickness 

Listed 

(i) 

(i) 

(O 

ROOFING MATERIALS 

Asbistos SniNflTiTia ... . .. 

AfnmAT/p RmKaT.vR_ 

BniLx-rP Roofing ........ .. 

E^tt Roui Roofing ...... . ...... 

Slat* - „ 

WoooShznglss 

Asnuned Wtoess ^ in......... .... 

Amiim^ in 

■ 

600 
6A0 
3I>3 
6.50 
20 00 
1.28 

oao 

0.17 

0.15 

0.28 

0.15 

005 

0.78 

SHEATHING 

Otpsuic w ) - - 

iNSTJLATINa BqABD (*% is)^ ^ ^ 

Plywood (*/ii IN ) 

Fnt or Tbllow Pnn (1 m ) .. 

Fnt, flub bdilding papbr..,. 



Actual tMckness m.. 

Actual thickness In. ...» .». 

****** 

2.82 

042 

2.56 

102 

0.86 

— 

OHS 

2JI7 

0.80 

0.98 

1.16 

SURFACES 

Still aja ^ , ... ......... 

15 IIPB WIND yiLOGEFr... .. . ». ... M 

Ordinaiy noiHr^eotive materials, vedioal. . 
Ordinazy non-reflective matemals, vertieaL 

— 


H 

0.61 

0.17 

WOODS 

Fib BHlATBINa (1 in.) btbldino papbr 
AND YiLLOW PiNB LAP SIDING.. 

MaplrobOax ......... 

Yellow Pihr or Fib... ...„ 

» 

T 16 

0.80 

OJiO 

0.87 

1.25 

200 


transmission Ui of the insulated construction may be compared with 
the corresponding coefficient U without insulation. Attention is called 
to the necessity of applying the insulating material in accordance with 
the manufacturer’s specification. The engineer must carefully evaluate 
the economic considerations involved in the selection of an insulating 
material as adapted to various building constructions. Lack of proper 
evaluation, or improper installation may lead to unsatisfactory results. 

Computed Heat Transmission CoefBdents 

Computed over-all heat transmission coefficients of many common 
types of building construction are given in Tables 6 to 18, inclusive, each 
coefficient being identified by a serial number except in Table 18. For 
example, the coefficient Z7 of a brick-veneer, frame wall with wood 
sheathing and in. of plaster on gypsum lath is 0.27, (Wall No. 28-C 
in Table 5) and with 2 in. of blanket or bat insulation the coefficient 
would be 0.097 (No. 49-B in Table 6). 

Example L Calculate the coefficient of heat transmission 17 of a brick-veneer, 
frame wall with wood sheathing, building paper, and in. plaster on % in. gypsum 
lath, based on a wind exposure of 16 mph. Also calculate the coefficient when 2 in. of 
bat insulation is added, leaving an air space in the wall, and correcting for framing 
amounting to 15 per cent of the wall area. 

Solution: Starting from the exterior, the resistances making up the total h^t 
resistance are (1) exterior surface, (2) brick-veneer, f3) wood sheathing ^§4 in. thick 
and building paper, (4) air space ZH in. wide, (5) in. gypsum lath and plaster, (6) 
interior surface. Then using the values from Table 4 in Equation 4: ’ 

1 

” 1 T ^ , 1 . 1 I 1 I 1 

6.0 2.27 0 86 1.10 ^2.4 ^ 1.66 


U 
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Table 5. CoEFFiaENxs of Transmission (Z7) of Frame Walls 

Coefficients are ex^essed tn Btu per Qioiur) {square foot) {Fahrenheit degree difference in temperaiwe 
between the air on the two sides), and are based on an outside wind vdocity qf 16 mph. 

No Insxilation Between Studs^ (See Table 6) 



Meial Lath and Blaster^ . m .. .. . 

Grpsum Boaid Decorated .. .. 

Wood Lath and Haster^ ^ ^ 

Gypsum Lath Plastered^ 

Pb^od (H in.) Plain or Decorated ... .. .. 

Insulating Board ^ m.) Hain or Decorated. 
Insulating Board Lath (M in.) Plastered' .... 

ith Cl uu) Plastered'.. . 


Insulating Board l^th 
Insulating Board Lath 


Metal Lath and Plaster^ 

Qvpaum Board (M In.) Decorated. ..„ „ 

W<^ Lath and Plaster ... 

Gypsum Lath Plastered' ... . . 
Fq^od (H ixu Plain or Decorated . . 


Insulnting Board M m.) Plain or Decorated. 
Insulating Board Lath in.) Plastered' .... . 
Insulating Board Lath (1 In.) Plastered' 


Metal Lath and Plaster* . 


W<m Lath and 
Gypsum Lath (! 
Plywood (Him] 
Insulating Boarc 


Board (Hu) Decorat^.. 
ith and Plaster ». 


in.) Plastered' 

Plm or Decorated. 


Insulating Board (}i in.) Plain or Decorated. 
Insulating Board Lath 04 in.) Mastered* 
Insulating Board Lath (1 In.) Plastered' . 



^Coefficients not weighted: efifect of studding neglected. 

^Plaster assumed H In* thick. 

'Plaster assumed 34 in. thick. 

^Furring strips (1 in. no min al thickness) between wood shingles and all sheathings except wood. 
•Small air space and mortar between building paper and brick veneer neglected. 

/Nominal tMckness. 1 in. 


I I otoi^Mro^ocD I ee *40901 4^0110-^ I WAUiNiniBnB 
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Table 6. Coefficients of Transmission (ZT) of Frame Walls with 
Insulation Between FRAMiNGa*^ 

Coefficients are expressed tn Bin per (hour) (square fooi) (Fahrenheit degree difference in temperature 
between the atr on the two sides), and are based on an outside wtnd vdoctty of IS tnph. 



"This table may be used for determining the coefficients of transmission of frame constructions with 
the types and tMckneeses of insulation indicated in Columns A to D inclusive between framing. Columns 
A, B and C may be used for walls, cdlings or roofs with only one air space between framing but are not 
Mplicable to ceilings with no flooring above. (See Table 11 ) Column D is applicable to v^ls oifly 
Jaeampte: Find the coefficient of transmission oi a frame wall consisting of wood siding, in insulating 
boaM sheathing, studs, gypsum lath and plaster, with 2 in. blanket insulation between studs According 
to Table 5, a vml of this constniction with no insulation between studs has a coe ffic ient of 0 10 ^all No. 
4D). Referring to Column B above, it will be found that a wall of this value with 2 in. blanket insulation 
between the studs has a coeffi c ie n t of 0 084. 

^Coefficients corrected for 2 x 4 framing, 16 in. on centers — 16 per cent of surface area. 

'Based on one air space between framing. 

‘*No air space. 
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1 ^ 1 ^027 

0.17 H- 0.44 + 1.16 + 0.91 + 0.42 + 0.61 3.71 

When 2 in. of bat insulation is added in the air space in the wall, an air space will still 
be left since it was onginally 3^ in. wide. Then, 


U = 


3.71 + 


11.11 


= 0.090 


0.27 


This coefficient (0.090) applies only to the wall where no studding or framing is present 
and is assumed to constitute 85 per cent of the whole wall. Then for 1 sq ft of wall 
the heat transfer through the insulated portion is 0.85 X 0.090 or 0.0765 Btu. 

In the portion of wall where frammg is present, the air space will be replaced with an 
equivalent thickness of wood framing. Then, 


U (through framing) 


U » 0.136 


1 

1 , 1 , 1 . 3 625 , 1 , 1 

6.0 2.27 0.86 0.80 2.4 1.65 


Then for 1 sq ft of wall the heat transfer through the framing is 15 per cent of 0.136 
or 0.0204 Btu. The total heat transfer through 1 sq ft of wall (with in. framing 
covering 15 per cent of area) equals 

U (corrected) * 0.0765 -f 0.0204 = 0.097 Btu 

This is the value shown for No. 49-B in Table 6, which is included to eliminate the 
need for the calculation of framing corrections when insulation is used in frame con- 
struction. 


In making the calculations for values of U shown in Tables 5 to 18, 
the following conditions have been assumed: 

Equilibrium or steady-state heat transfer, eliminating effects of heat capacity. 
Surrounding surfaces at ambient air temperatures. 

Exterior wind veloaty of 15 mph. 

Surface emissivity of ordinary building materials = 0 83. 

No correction for position or direction of heat flow. (Average coefficients used). 

Air spaces are in. or more in width. 

Variation of conductivity with mean temperature neglected. 

Corrections for framing made on basis of parallel heat flow through 2 X 4 in. (nominal) 
studs, 16 in. on centers, the framing covering 15 per cent of wall area. 

Actual thicknesses of lumber assumed to be as follows: 


Nomind 

1 in. (S- 2 - 5 ^) 

Actud 

25^2 in. 

in. (S-2-S) _ . 

IJie 

2 in. (S. 2 ..'!) 

.. . 15 ^ in. 

2}^ in. (S-2-S) 

2}^ in. 

3 in. (S-2-S) 

25 ^ in. 

4 in. (S-2-S) . 

35 ^ in. 

Finish flooring, (maple or oak) 

iKein. 


Coefficients for frame construction are corrected for the effect of 
framing where such correction would increase the coefficients, but not 
where the correction would decrease the coeflflcients 

It ^ould be noted that the effects of poor workmanship in construction 
and installation have an increasingly greater percentage effect on heat 
transmission as the coefficient becomes numerically smaller. Failure 
to meet design estimates may be caused by lack of proper attention to 
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Table 7. CoEFFiaENxs of Transmission (Z7) of Masonry Walls 

Coefficients are expressed in Btu per (hour) {square foot) {Fahrenheit degree difference in temperature 
between the air on the two sides), and are based on an outside wind vdocUy of 16 mph» 




•Based on 4 in. hard brick and remainder common brick 

^The 8 in. and 10 m tile figures are based on two cells in the direction of heat flow. The 12 in. tile is 
based on three cells in the direction of heat flow. The 16 in. tile consists of one 10 in. and one 6 in. tile each 
having two ceils m the direction of heat flow. 

^Limestone or sandstone. 

^These figures may be used with sufi&dent accuracy for concrete walls with stucco exterior finis h 
•Expanded slag, burned day or pumice. 

/Thickness of plaster assumed K in* 

'Thickness of plaster assumed in 
^Based on 2 in. furring stnps; one air space. 


S33 SSQ I I Wall Nuubib 
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Table 8. CoEFFiaENTs or Transmission ( U ) of Brick and Stone Veneer 
Masonry Walls 

CoejffUtents are expressed tn Btu per Qiour) (sqmre foot) {Fahrenhett degree difference in temperature 
between the air on the two sides), and are based on an outside wind velocity of 15 mph 



■Calculations based on H In* cement mortar between backing and fadng except in the case of the 
concrete backing which is assumed to be poured m place. 

^The hollow tile figures are based on two air cells in the direction of heat flow. 

■Hollow concrete blocks. 

^Expanded slag, burned clay or pumice. 

■Thickness of plaster assumed H in 
/Thickness of plaster assumed m. 

'Based on 2 m. furring strips, one air space. 


cet Insulation— Furr^s 
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Table 9. CoEFFiaENTS of Transmission {V) of Frame Partitions 
OR Interior Walls^ 


Coeffictents are expressed in Btu per (hour) (square foot) (Fahrenheit degree difference in temperature 
between the air on the two sides), and are based on sttU air (no wind) conditions on both sides. 


INTERIOR ^ 

FINISH 1 



SINGLE 
PARTITION 
(Elnish on one 
side only of studs) 

DOUBLE PARTITION 
(Hnish on both sides of studs) 

1 

I 

£ 

n 

No INSDL&.TI017 
BBTWaiN STUBS 

1 m.Bujscsja^ 
bstwbbn studs. 
Om Ant sPAca. 




A 

B 

C 

Metal Lath and Plaster^ 

Gypsum Board in.) Deoorated. 

Wood Lath and FlaBter .. „ 

Gypsum Lath (H im) Plastered*.......... 


069 

0.67 

0.62 

061 

oooo 

016 

016 

0.15 

0.16 

1 

2 

8 

4 

Plywood (M in.) Plain or Deoorated .. .. 


0A9 

0A3 

0.15 

5 

Ii»ilating Board (^ in.) Plam or Decorated. 


0.36 

0.19 

0.11 

6 

Insulating Board Lath G4 In.) Plastered*... „ 


m 

! 0.18 

0.11 

7 

Insulating Board Lath (1 in.) Plastered* . .... . 

— 

0.28 

012 

0.082 

8 


•Coefficients not weighted; effect of studding neglected. 

^Plaster assumed ^ in. thick. 

•Plaster assumed H thick. 

<<For partitions with other insulations between studs refer to Table 6, using values in Column B of above 
table in left hand column of Table 6. Example: What is the coefficient of transmission (U) of a ^irtition 
consisting of g^um lath and plaster on both sides of studs with 2 in blanket between studs? Sohaion: 
According to above table, this partition with no insulation between studs (No. 4B) has a coefficient of 0.34. 
Referring to Table 6. it will be found that a wall having a coefficient of 0.34 with no insulation between studs, 
will have a coefficient of 0.10 with 2 in. of blanket insulation between studs (No 56B). 


Table 10. CoEFFiaENTS of Transmission (CO of Masonry Partitions 

Coeffidents are expressed in Btu per (hour) (square fooC) (Fahrenheit degree difference in temperature 
between the air on the two sides), and are based on stUl air (no wind) conditions on both sides. 



•2 In solid plaster partition, 27 - 0 63. 
^Expanded slag, burned day or pumice. 



































Table 11. Coefficients of Transmission (ZT) of Frame Construction Ceilings and Floors 

Coefficients are expressed tn Btu per {hour) (sQuare find) (Fahrenheti degree difference tn temperature between the air on the two sides) 

and are based on stiU atr {no vnnd) conditions on b(dh sides. 


CHAPTER 6 


1947 Guide 
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Table 12. CoEFFiaENTs of Transmission iU ) of Concrete Construction 
Floors and Ceilings 


Coejffiaents are expressed tn Btu per (fiour) (^square foot) (^Fahrenheit degree difference in temperature 
between the atr on the two sides), and are based on still air (no wtnd) conditions on both sides. 


TYPE OF CEILINQ 

Thicenbss 

OF 

CORCBBTBff 

CInchxs) 

TYPE OP FLOORING 

J 


No 

Flooring 

(Concrete 

Bare) 

THe* or 
Terraszo 
Flooring 
on 

Concrete 

In. 

Asphalt 

tS? 

Directly 

on 

Concrete 

Parquet* 

Flooring 

In 

Mastic 

on 

Concrete 

Double 

Wood 

Floor 

on 

Sleepeo^ 

A 

B 

C 

D 

E 

No Colizig 

3 

6 

10 

068 

0A9 

OAO 

065 

0 66 

0.48 

0 66 

0 58 

049 



1 

2 

3 

H in. Plaster Applied to Underside of 
Concrete 

3 

6 

10 

0.62 

0A4 

0.46 

OJO 

0 52 

0.44 

060 

0 53 

045 



4 

5 

6 

Metal Lath and Plaster^— Suspended or 
Iteed. ... 

3 

6 

10 


0 37 

084 

0 81 

0 37 

0 35 

0 32 

0.30 

0.28 

0.26 


~ 

8 

8 

Gypsum Board (H in.) and Plaster/— 
Suspended or Furred . . « 

3 

6 

10 

0.36 

0.33 

0.30 

0.35 

0.32 

0.29 

0 35 

0 33 

0 30 


m 

10 

11 

12 

Insulating Board Lath 04 in.) and Plaster/ 
Suspended or Furred .. 

8 

6 

10 

025 

OJ23 

0.22 

024 

0J23 

0J21 

0 25 

0.23 

0 22 

0.21 

0.20 

0.10 

0.15 

0.15 

0.14 

13 

14 

15 


•Thickness of tile assumed to be 1 In. 

^Conductivity of Asphalt Tile assumed to be 3 1 

•Thickness of wood assumed to be in ; thickness of mastic, (k •> 4.5). Col. D may also be 

used for concrete covered with carpet 

^Based on m yellow pine or fir sub-fiooiing and in. hardwood finish flooring with an air space 
between sub-floor and concrete 

•Thickness of plaster assumed to be in. 

/Thickness of plaster assumed to be H in. 
vFor other thicknesses of concrete, interpolate. 


Table 13. CoEFFiaENTS of Transmission (27) of Concrete Floors on 
Ground with Various Types of Finish Flooring 


XJ = 0.10® Btu per (hour) (square foot) (Fahrenheit degree temperature difference 
between the ground and the air over the floor). 


•Until more complete data are available, it is recommended that a coefficient of 0.10 be used for all 
tjrpes of concrete floors on the ground, with or without insulation. For basement wall below grade, use the 
same average coeffiaent (0 10) A lower ground temperature should, however, be used for walls than 
floors as explained m Chapter 14 For further data see A S H V.E. Research Report No 1213 — Heat 
Loss Through Basement Walls and Floors, by F C. Houghten, S. I Taimuty, Carl Gutberlet and C. J. 
Brown (A.S H.V E. Transactions, Vol. 48, 1942, p. 369). 


exact compliance with specifications, and a factor of safety may be 
employed as a precaution when it is judged desirable. 

Roof Coefficients 

Computations for wood shingle roofs applied over wood stripping are 
based on 1 by 4 in. wood strips, spaced 2 in. apart. Values for roofs 
containing Spanish and French clay roofing tile are assumed the same as 
for slate roofs. Values for pitched roofs in Table 16 apply where the 
roof is over a heated attic or top floor so that the heat passes directly 
through the roof structure, including any interior finish material. 
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Table 14. Coefficients of Transmission (Z7) of Flat Roofs Covered with Built- 
up Roofing. No Ceiling — Under Side of Roof Exposed 

(See Table 15 for Flat Roofs with Ceilings) 

These coefficients mre expressed in Btu per (hour) (square fooi) (Fahrenheit degree difference tn temperature 
between the atr on the two sides), and are based on an outside wind vdocUy qf 15 mph. 


TYPE OF ROOF 
DECX 

Tazoraiss 

or 

RoopDbok 

Okobis) 

No 

luBxniS- 

noN 

INSULATION ON TOP OP DECK 
(CovBBXD WITH Buii/r-Up RooHmo) 

1 

iNsuXi&ma Bosiu) 
(Thickness Below) 

COMCBOABD 
(Thickness Below) 

HIn. 

lln. 

IHIn. 

2In. 


IHIn. 

m 

A 

B 

C 

D 

E 

B 

G 

H 

Fist Metal Roof Deck* 

JH/oLATIW/ 
H00FtH.gs / 

?cci^ 


106 

0.39 

0.24 

0.18 

014 

0.28 


■ 

1 

Precast Cement lUe 

/e*sr 

XOOFtKCl /T11.S 

'X/sPFIrT/J^ 

IMin. 

0B4 

0.37 

0.24 

0.17 



0.16 

0.18 

2 

Concrete 












2 in. 

0B2 

0.86 

0.24 

0.17 

014 

0.22 

Bitl 

018 

3 


4x0. 

072 

0.84 

0.28 

0.17 

018 

0.21 

0.16 

0.12 

4 


6in. 

0.65 

0.83 

0.22 

0.16 

0.18 

0.21 

0.15 

0.12 

6 

COWCRtTC.^ 











Gypsum fiber Con- 











oxete>^ onH in. 











Gypsum Board 












214 in. 

0.88 

0.24 

0.18 

0.14 

0.12 

017 

018 


6 

WJPtrttfj 7 

8Hhu 

0.81 

0.21 

0.16 

0.18 

0.11 

0.16 

012 


7 

gmsiiasQBig 











mgjjjfim 











Wood* 











ffjytri A*T1raN< 

lin. 

0.49 

0.28 



012 

0.19 

014 


8 

i(ooF(.rf<r^ 7 

m in. 

0.87 

0.24 

017 

0.14 


0.17 

0.18 


9 


2m. 

0.82 

0.22 

0.16 

0.18 


0.16 

012 


10 

'/}j / T 

Sin. 

0.28 

0.17 

0.14 

0.11 

■iTiTiiw 

0.18 

oil 


11 

wsopy 












^Coefficient of transmission of bare corrngated iron (no roofing) is 1 60 Btu per (hour) (square foot of 
projected area) (Fahrenheit degree difference in temperature) based on an outside wind velocity of 16 mph. 

^87^ per cent gypsum, 12^ I>er cent wood fiber. Thickness indicated includes H in. gypsum board. 
•Nominal thicknesses specified— actual thicknesses used in calculations 
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Table 15 Coefficients of Transmission (U) of Flat Roofs Covered with 
Built-up Roofing. With Lath and Plaster Ceilings^ 

(See Table 14 for Flat Roofs with No Ceilings) 



per cent gypsum, 12H per cent wood fiber. Thickness indicated indudes H in. gsrpsum board. 
•Nominal thicknesses specified — actual thicknesses used in calculations. 







































Table 16. Coefficients of Transmission (Z7) of E*itched Roofs 

CoeMcxenls are expressed tn Bin per (hour) (square /arf) (Pakrenheit degree difference in temperature 
between the asr on the two sides), and are based on an outside wind vetocUy of IB mph. 



"Coefficients corrected for framing on basis of 16 per cent area, 2 in z 4 in. (nominal), 16 in. on centers. 

‘Figures in Columns I. J. K and L may be used with sufficient accuracy for rigid asbestos shingjes on wood sheathing. Layer of slater’s felt neglected. 
'Sheathing and wood strips assumed in thick. 

^Plaster assumed M in. thick. 

'Plaster assumed )4 in. thick. 

/No air space included in 1-A, 1-B or l-I: all other coefficients based on one air space. 
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Table 17 - Combined Coefficients of Transmission (U) of Pitched Roofs* and 
Horizontal Ceilings — Basi^ on Ceiling Arsa^ 


Coefficients are expressed tn Btu Per (hour\ (square foot of ceiling area) (Fahrenheit degree difference in 
temperature between the air on the two ^es), and are based on an outside wind vdoctty of 15 mph. 



TYPE OP ROOPINQ AND ROOF SHEATHINQ 



Wood SHmsuss on Wood Smips^ 

Aspbiui Shznulbs^ OB Roul Rooiznq 


CEILING 




ON Wood 6h>ithin(1" 


COBFH- 















CEENT/ 

No Roof 

Hlmlnsu- 

lln.lnsu- 

No Roof 

Uln. Insu- 

llmlnsu- 

1 

^BOU 
TiAinT.T? 11\ 

Insulation 

lating Board 

lating Board 

Insulation 

lating Board 

lating Board 

s 


(Rafters 

on Undor ffide 

on Under 

fRaffcers 

nT^ TTndAr HtHn 

nr^ TTntiAi* Aidn 



Eiposed) 

of Rafters 

of Rafters 


of Rafters 

of Rafters 




(Ur - 0.22) 

(Pi- oat) 

(Ur - 0A8) 

(Ur - 0.28) 

(Ur - 0.17) 



A 

B 

c 

D 

E 

F 


010 

0.085 

0078 

0.066 

0 087 

0.074 

0D67 

19 

0.11 


0.078 


0 094 



20 

0.12 



0074 

0.10 

0.088 

04)75 

21 

0.18 

OJll 

0.087 

0 078 

0.11 


0079 

22 

0.14 

0.11 

0.001 

0.081 

0.11 

0.098 

04)83 

28 

0.15 

0.12 

0 096 

0.084 

0.12 


0086 

24 


0.13 



0.18 


0.089 

25 

0.17 

0.18 



018 


0092 

26 

0.18 

0.14 


0.008 

0.14 

0.11 

0005 

27 

0.19 

0.14 

0.11 


0J5 

0.11 

0008 

28 

0.20 

0.15 

0.11 

0.098 

015 


0.10 

29 

OJSl 


012 





30 

0.22 






0.11 

31 

OJ23 

016 

012 

010 



Oil 

32 

0.24 

017 

OAZ 

oai 

0.18 

0.12 

Odl 

83 

0.25 

0.17 

0.18 

■■ 

0.18 

0.18 

OAl 

34 

0.26 

0.18 

0.13 


019 

018 

0.11 

35 

0.27 

0.18 



0.19 


012 

86 

0.28 

010 


n 

0.19 


0A2 

37 

0.29 

0.19 

014 


0.20 

014 

0.12 

38 

0.80 

0.20 

014 

0.12 

OJSSO 

0.14 

0.12 

89 

OM 

0.21 

0.15 

0.12 

0.22 

0.15 

0.18 

40 

OM 

0.22 

0.15 

0.13 

0.22 

015 

0.18 

41 

OM 

0.22 

015 

018 

0J28 

015 

0.18 

42 

0.87 

0.23 

0.15 

0.18 

0.28 

0.16 

0.13 

48 

0.45 

0.26 

017 

013 

0.26 

0.17 

0.14 

44 

0.59 

0J29 

0.18 

0.14 

0.80 

0.19 

0.15 

45 

0 61 

0.29 

018 

0.15 

0.81 

019 

0.15 

46 

062 

0.80 

0.19 

0.15 

0.81 

019 

0.15 

47 

0.67 

0.31 

0.19 

0.15 

0.88 

0J20 

016 

48 

0.69 

0.81 

0.19 

0A5 

0.88 

0.20 

0.16 

48 


"Calculations based on H pitch roof (n « 1.2) using the foUowixxg formula: 

Ur X Um U "i combined coefficient to be used with ceiling area. 

^ " coefficient of transmission of the roof. 

Ur H — - Uce * coefficient of transmission of the ceiling. 

* » >■ the ratio of the area ctf the roof to the area of the ceiling. 

sUse ceiling area (not XYX>f area) with these coefficients. 

"Coefficients in Cdunins D, E and F may be used with sufficient accuracy for tile, slate and rigid asbestos 
shingles on wood sheathing. 

^Based on 1 x 4 in. strips spaced 2 in apart. 

"Sheathing assumed in. thick. 

/Values of Doe to be used in this column may be selected from Table 11. 
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Table 18. Coefficients of Transmission (10 op Doors, Windows, Seyughts 
AND Glass Block Walls 

ConjSkUtUs are expressed in Btn per {hour) {square fooi) {Fahrenheit degree difereTuein thetemperaturehetween 
the air tnside and outside of the door, window, sJ^Ught or watt) and are hosed on an outside wind vdocUy qf 

16 mph. 


Section A* 
Windows and 
Skylights 


SlNGLB 

Double 

Triple 

U 

1.13“ 

0.46ae 

0.281“ 

Section 

Solid Wood 

Doors^^ 

Nominal 

Thickness 

Inches 

Actual 

ThICS34BSS 

Inches 

V 

Exposed Door 

Ud 

With Glass 
Storm Door 

1 

3 

1% 

2% 

0.69 

0.59 

0.52 

0.51 

0.46 

0.38 

0.33 

0.42 

0.38 

0.35 

0.35 

0.32 

0.28 

0.25 






XT 

V 


Deschiption 


Still Air 

Still Air Inside 

Section C. 





Both Sides 

15 MPH Outsedb 







Hollow Glass 




Block Walls 

7Jix7Mx3Hin. thick 

0.40 

0.49 


lUbbed surface glass blocks 




7 X 7% X 3J4 in. thick. 

0.38 

0.46 


•See Heating, Ventilating and Air Conditioning, by Harding and VnUard, revised edition, 1982. 

K^mputed using C l.ld for wood;fi 1.65 and/o "■ 6.0. 

•It is sufficiently accurate to use the same coefficient of transmission for doors containing thin wood 
pands as that of si^le panes of gluae, namely, 1.18 Btu per (hotur) (square foot) (degree difference between 
inside and outside anr temperatures). 

^These values may also be used with sufficient accuracy for wood storm doors. Neglect storm doors 
if loose and use values for exposed doors. 

•Air spaces assumed to be K iu. or more in width. 


Combined Ceiling and Rooi CoefBdents 

If the attic space between ceiling and roof is unheated, the combined 
coefficient from room air below the ceiling to exterior air can be calculated 
from the following formula. 

rr X Uqo 

Ur+J^ 

fl 

where 

U “ combined coefficient to be used with ceiling area. 

Ur ■* coefficient of transmission of roof. 

Uct coefficient of transmission of ceiling. 
n •= ratio of roof area to ceiling area. 

It should be noted that the over-all coefficient U should be multiplied 
by the ceiling area to determine heat loss and not by the roof area. 
Values of Ur and Z7ce should be calculated using a vdue of 2.2 (the 
reciprocal of one-half the air space resistance) rather than 1.65 for the 
conductances of surfaces facing the attic, since the attic is equivalent 
to an air space. 

If the attic contains windows, dormers and vertical wall spaces and if 
their area is small compared to that of the roof, they may be considered 
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part of the roof area. For accuracy, the sum of the coefficients of each 
individual section multiplied by its percentage of the total area should 
be used as TJr- Where large vertical wall areas in the attic are involved, 
it is preferable to estimate the attic temperature as illustrated in Chapter 
14 and calculate the heat loss through the ceiling by multiplying the 
value of C/ce for the ceiling by the difference in temperature above 
and below the ceiling. 

Basement Floor, Basement Wall and Concrete Slab Floor Coeffidents 

The heat transfer through basement walls and floors to the ground is 
dependent on the temperature difference between the air within and that 
of the ground, on the material constituting the wall or floor, and on the 
conductivity of the surrounding eai^. The conductivity of the earth 
will vary with local conditions and is usually unknown. Tests * at the 
A.S.H.V.E. Research Laboratory indicate a heat flow of approximately 
2.0 Btu per (hour) (square foot) through an uninsulated concrete base- 
ment floor with a temperature difference of 20 F between ground tem- 
perature and the air temperature 6 in. above the floor. Based on this 
result, a coefficient of 0.10 Btu per (hour) (square foot) (Fahrenheit 
degree temperature difference) is recommended for calculation where it 
is desirable to allow for the small basement floor heat loss, e.g. for heated 
basements. 

For basement walls the same coeffident may be used, but due to closer 
proximity to the surface of the ground, the temperature difference for 
winter design conditions will be greater than for the floor. T^he test 
results indicate a unit area heat loss, at mid-height of the basement wall, 
approximately twice that of the same floor area. 

For concrete slab floors laid in contact with the ground at grade level, 
recent tests ® indicate that for small floor areas (equal to that of a house 
25 ft square) the heat loss may be calculated as proportional to the length 
of exposed edge rather than total area. This amounts to 0.81 Btu per 
(hour) (lineal foot of exposed edge) (Fahrenheit degree difference 
between the inside air temperature and the average outside air tempera- 
ture). It should be noted that this may be appredably reduced by insu- 
lating the edges of the floor from the abutting wall. 

CONDENSATION IN BUILDINGS 

Water vapor in the air within a building condenses if it comes in 
contact with surfaces at or below its dew-point temperature. It also will 
be transmitted into or through a wall, floor or cdling, if a vapor pressure 
difference exists between the opposite sides, at a rate determined by the 
permeability of the materials encountered (see Table 17 Chapter 15). 
Building practice must take account of these facts in avoiding (1) surface 
condensation on interior building surfaces (walls, cdlings, roofs or glass) 
and (2) interstitial condensation or accumulation of condensation in the 
voids within the structure. The conditions under which surface con- 
densation will take place are directly dependent on surface temperature 
and upon the relative humidity of the air in contact. Limiting maximum 
relative humidities for walls, roofs or glass having transmission coefficients 
up to 1.2 Btu for outside temperatures from —30 F to 40 F and for 70 F 
inside temperature may be obtained from Fig. 4 

Surface condensation may be controlled by air conditioning, ventila- 
tion for the purpose of removing water vapor, particularly from laundries 
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and from kitchens during lengthy periods of cooking, elimination of 
sources of vapor such as unvented gas stoves, or by loc^ application of 
heat or insulation to raise surface temperatures. 

Interstitial condensation results from vapor transmission which is 
dependent on vapor pressure differential and the ratio of the rate at 
which vapor may enter the materials of the structure to that at which 
it passes out of tlie structure. The proper installation of a vapor barrier 
on the warm side of the structure, where the higher vapor pressure 
usually exists, will reduce greatly the amount of vapor entering the 
building construction and will minimize the possibility of objectionable 
condensation. Such a barrier may consist of a coated paper applied 



under the plaster, a coated plaster base, or a vapor-resistant finish applied 
to the interior wall surface A vapor barrier is tentatively defined as a 
material having a water vapor permeability not exceeding 1.25 grains 
per (hour) (square foot) (inch of Hg vapor pressure differential). 

To prevent condensation on the under side of roofs above attic spaces 
over insulated ceilings, ventilation with outside air may be provided 
through suitable louvers or other roof ventilators. 
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CHAPTER 7 


j^er^rmance .^y^ir ^J4ea,tin^ and C^oiing, 


Performance of Heating and Dry Cooling Coils, Over-all CoeHtdeni 
of Heat Transfer, Performance of Dehumidifying Coils, External 
Film Coe£Rcient, Internal Film Coefficient, Determining Size of 

Cooling Coil 


T he surfaces described in this chapter are for heating or cooling on 
air stream under the conditions of forced convection. Sudi surfaces 
may be made up of a number of banks of tubes assembled in the field or 
the entire assembly may be factory constructed. They may be made of 
either bare or finned tubing, but regardless of their construction they are 
generally referred to as coils. A description of the types, application, and 
selection of such coils is given in Chapter 25. Therefore, tiiis chapter is 
confined to the theoretical considerations which affect the calculation of 
the performance of these coils. 


PERFORMANCE OF HEATING AND DRY COOLING COILS 

The performance of heating and dry cooling coils depends in general 
upon: 

1. The over-all coefficient of heat transfer from the fluid within the coil to the air it 
heats or cools. 

2. The mean temperature difference between the fluid within the coil and the air 
flowing over the coil. 

3. The physical dimensions of the coil. 

Thus, for any one definite operating condition, the heating or cooling 
capacity of a given coil is expressed by the following basic formula: 

qt^ UX (MTD) X AX N (1) 

where 

qt ^ total heat transferred by the coil, Btu per (hour) (square foot of coil face 
area). 

TJ =» over-all coefficient of heat transfer, Btu per (hour) (square foot of external 
coil surface) Fahrenheit d^ee temperature difference between the fluid 
within the coil and the air flowing over the coil). 

MTD = mean temperature difference, Fahrenheit d^ees, between the fluid within 
the coil and the air passing over it. (This is commonly taken as the loga- 
rithmic mean temperature difference.) 

A = external surface area of the given coil, square feet per (square foot of coil 
face area) (row of coil depth). 

N = number of rows of coil depth, 

Over-aU Coefficient of Heat Transfer 

Of all factors affecting the performance of heating or dry cooling coils, 
the over-all coefficient of heat transfer is the most difficult to determine 
as it is influenced by several factors which depend upon coil design and 
conditions of operation. 

Considering any coil, whether of bare pipe or of finned l^e, the over-all 
heat transfer coefficient for a given size and design of coil can always be 

US 
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considered as a combined effect of three individual heat transfer coef- 
ficients, namely: 

1. The film coefficient of heat transfer between air and the external surface of the 
coil, usually given in Btu per (hour) (square foot external surface) (Fahrenheit degree 
mean temperature difference). 

2. The coefficient of heat transfer through the coil material — ^tube wall, fins, ribs, etc. 

3. The film coefficient of heat transfer between the internal surface of the coil and 
the fluid flowing within the coil, usually given in Btu per (hour) (square foot internal 
surface) (Fahrei^eit d^ee mean temperature difference). 

These three individual coefficients acting in series result in an over-all 
coefficient of heat transfer in accordance with the basic laws given in 
Chapters 5 and 6. For a bare pipe coil the over-all coefficient of heat 
transfer, whether for heating or for cooling (without dehumidification), 
can be expressed by a simplified basic formula as follows: 

jj » I 

M Jl ^ ( 2 ) 

hr h ha, 

where 

U « over-all coefficient of heat transfer, Btu per (hour) (square foot external surface) 
(Fahrenheit degree mean temperature difference between air and fluid within 
the coil). 

hr ■“ film coefficient of heat transfer between the internal surface of the coil and the 
fluid flowing within the coil, Btu per (hour) (square foot internal surface) 
(Fahrenheit degree mean temperature difference between that surface and the 
average fluid temperature). 

ha film coefficient of heat transfer between air and the external surface of the coil, 
Btu per (hour) (square foot external surface) (Fahrenheit degree mean tem- 
perature difference Ibetween the mass of air and the external suriace). 

k » conductivity of material from which the bare pipe is constructed, Btu per (hour) 
(square foot) (Fahrenheit d^ee per inch thickness). 

L *= thickness of tube wall, inches. 

R » ratio between external and internal surface of the bare tube, usually varying 
from 1.03 to 1.15 for the tube used in typical heating or cooling coils. This 
ratio R is inserted in the formula in order to place internal fluid coefficient of 
heat transfer on the basis of external surface. 

Frequently, when pipe or tube walls are thin and of material having high conductivity 
(as is the case in construction of typical heating and cooling coils) the term L/k in Equa- 
tion 2 becomes negligible and is generally disregarded. (The effect of the term L/k in 
typical bare pme heating or cooling coils seldom exceeds 1 to 2 per cent of the over-all 
coefficient). Thus, in its simplest form, for bare pipe: 

JJ =m i 

. J_ (3) 

hr ^ Jh. 

For finned coils the formula^ for the over-all coeflSdent of heat transfer 
can be conveniently written : 

U » 

A j. _L 

Ar ’1*. 

in which the term lO, called the.;^« ejffKiency, is introduced to allow for the 
resistance to heat flow encountered in the fins. 

The term R, in this case, is the ratio of total external surface to internal 
surface. For typical designs of finned coils for heating or cooling, this 
ratio varies from 10 to 30. Term R is again introduced to place the 
internal surface coefficient of heat transfer on a basis of external surface. 
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In the discussions which follow, coefficients hr and will be considered 
separately, and also various ways of combining them will be outlined. 

The performances of all heating and dry cooling coils are influenced by 
these same factors. But, when cooling coils operate wet or act as de- 
humidifying coils, the performance cannot be predicted on the basis of 
over-all coefficients and an analysis must be made on the basis of indi- 
vidual film coefficients as will be explained. 

PERFORMANCE OF DEHUMIDIFYING COILS 

When a cooling coil operates with a surface temperature which is 
below the dew-point of the air entering the coil, moisture is condensed 
and the air leaves the coil with a humidity ratio lower than it had when 



Fig. 1. Performance of Dehumidifying Coil 

it entered the coil. To understand the performance of surface coils under 
sudi conditions, assume that air enters a cooling coil at conditions 
corresponding to point 1 in Fig. 1. As long as the surface temperature 
of the coil is above the dew-point, the air is cooled without dehumidifi- 
cation, and its condition leaving tie coil will be somewhere on line 1-A. 
Its exact position on this line depends on the air velocity and the external 
film coefficient as well as upon the surface temp^ature. When the surface 
temperature just equals the dew-point, the air leaves with conditions 
represented by point A. If the surface temperature is below the dew- 
point, condensation takes place, and the air has a final condition some- 
where along the line A-2-3 which is a line at a constant horizontal distance 
from the saturation curve. It should be understood that the line l-A-2-3 
is not intended to represent the path of the condition of the air as it 
passes trough the coil from row to row. It is simply the path traced 
by the exit air conditions as the surface temperature is gradually reduced 
with other conditions remaining constmt 

In the process of dehumidification, since heat is being transferred to 
the coil surface by two different mechanisms, (convection and conden- 
sation), it is evident that an over-all coefficient of heat transfer cannot 
be determined by the same method used for heating and for dry cooling 
coils. However, if it is assumed that the sensible heat transfer of a 
dehumidifying coil is unaffected by the presence of moisture on its 
surface, Equation 6 may be obtained to express this part of the heat 
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transfer in terms of the external film coefiicient and the surface tem- 
perature. 

qB^h^XAXNX (MTDe) (5) 


where 

as 

h 

k 

k 

MTDt, 


sensible heat transferred, Btu per (hour) (square foot of coil face area), 
dry-bulb temperature of air entering coil, Fahrenheit degrees, 
dry-bulb temperature of air leaving coil, Fahrenheit degrees, 
average temperature of coil external surface, Fahrenheit degrees, 
logarithmic mean temperature difference between air and coil surface =» 




loge 


h-k 

k-k 


If Equation 6 is combined with another equation expressing sensible 
heat transfer in terms of mass velocity and temperature difference, the 
variables may be arranged in the following form (which is useful for the 
solution of dehumidification problems and for the determination of Aa 
from test data) : 


or, 


where 

0.243 

G 


h - ^) . » 0.243 Gih-h) 


IktAN 

0.243G! 


loge 


h- k 
k-k 


specific heat of humid air, Btu per (pound) (Fahrenheit degree), 
air mass velocity, pounds per (hour) (square foot of coil face area). 


( 6 ) 


An examination of Fig. 1 will reveal that when k is at the dew-point 
of the entering air: 


h k ^ h 

k. k k kpi 


and when k is below the dew-point: 


k ^ k ^ h Mpi 
k k — Mp2 

Therefore, Equation 6 may be written in its most useful form as: 


where 

k 

fdpi 

^dpa 


hAE a Incr 
0.243G k - #dp2 



(7) 


minimum dry-bulb possible without dehumidification, Fahrenheit degrees, 
dew-point of air entering coil, Fahrenheit degrees, 
dew-point of air leaving coil, Fahrenheit degrees. 


This equation may be used to establish a line as A-2-3 for a given coil 
if /ta is known for the coil, or it may be used to determine hsifrom test data 
for the purpose of rating coils. The use of this equation for coil selection 
is illustrated in Example 1 at the end of the chapter. Equation 7 is also 
important as a means of determining the external film coefficient. 


External Film Codffideiil 

While formulas have been developed expressing the film coefficient 
Aa for air passing parallel to a plane surface, they cannot be used directly 
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for fins on tubes because of air turbulence and because of the temperature 
gradient prevalent from the edge of a fin to its center. It is tiberefore 
necessary to make tests to evaluate the combined term ‘’Q&a. The term, 
^Aa, will be written merely Aa in this discussion as there is no necessity for 
separately evaluating tq and because values of Aa are usually applied only 
to the particular coils for which tests are made. 

The air side coefficient, Aa, of a coil of particular dimensions is an 
exponential function of the mass velocity of the air: 

Aa^ZGn (8) 

where 

Aa “ film coefficient of heat transfer, Btu per (hour) (square foot external 
surface) ( Fahrenheit degree mean temperature difference between air 
and average surface temperature). 

G “ air mass velocity, pounds per (hour) (square foot of coil face area). 

Z and n « constants which depend upon both air turbulence and siuface arrange- 
ment. 

Evaluation of constants Z and n may be accomplished through the 
use of test data in Equation 7 which gives values of Aa directly from the 
results of any wet coil test. If Aa, calculated in this manner, is plotted 
against values of G which prevailed during the tests a straight line should 
result on logarithmic coor^nates. The slope of this line is the value of n. 
The value of Z may then be determined by direct substitution in Equa- 
tion 8, 

For finned coils of different designs, values of Z and n are extremely 
variable, depending on the particular design and arrangement of the coil 
surface. Therefore, it is desirable that these constants be determined 
directly from test data for each type of coil surface. 


Intmial Film Coefficient 

The internal film coefficient, Ar which appears in Equation 3, is evalu- 
ated in various ways, depending upon the nature of the fluid, and whether 
the fluid is changing state. 

When evaporating refrigerants are used in tubes, the temperature of 
the fluid is fairly constant, being affected principally by pressure drop 
through the tubes, by superheat of the evaporated refrigerant, and by 
the presence of oil in solution. To obtain maximum coil capacity it is 
necessary to keep the pressure drop through the tubes at a minimum, to 
keep the superheat as low as possible without carrying liquid back to the 
compressor, and to arrange for good separation and return of oil to the 
compressor. Another important factor is the removal of gas to keep the 
tube surface flooded with liquids as much as possible. The internal film 
coefficient is markedly increased by heavy heat loads, because the in- 
creased turbulence and gas velocity cause good contact of the liquid with 
the tubes. Values of Ar usually lie between 150 and 450. For rating 
of dehumidifying coils, satisfactory results are obtainable by first deter- 
mining the average external surface temperature from Equation 7, and 
then using the difference between the external film temperature and the 
refrigerant for evaluating Ar in Equation 9. 
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where 

hr “ internal film coefficient of heat transfer, Btu per (hour) (square foot of 
internal tube surface) (Fahrenheit degree). 

tr =» average refrigerant temperature, Fahrenheit degrees. 

The term (4 — U) is commonly written A^. To evaluate hr by this 
method the same tests that were required to determine Aa may be used. 

When water is the cooling medium in tubes, the rate of heat transfer 
is a function of its velocity, which influences the number of contacts 
of the water molecules with the tube surface, per unit of time. Increased 
water velocity and reduced tube diameter cause increased heat transfer. 
Heat transfer is also greater at higher temperatures of the water. The 
basic formula for the film coefficient of heat transfer for flow of water 
in smooth tubes is as follows* 

fe- 1.6 (« + 100 ) ( 10 ) 

where 

V “ water velocity, feet per second. 

D “ internal diameter of tube, inches. 

t “ average water temperature, Fahrenheit d^ees. 

Equation 10 should not be used when Reynolds Number is less than 2000. 

Since, in the case of finned tubes using water as a refrigerant, test values 
of hr based on the calculated surface temperature for the entire coil may 
be lower than those obtained by use of Equation 10, actual test results 
are preferred if available. 

When saturated steam is condensed in the tubes of coils, the film 
coeflScient hr varies from 1000 to 2000, depending on freedom from air in 
the steam, and upon good drainage of the tubes. The coefficient is fairly 
constant for a particular coil, giving values of Lt that are directly propor- 
tional to gf However, if water coil test results are analyzed on a row-by- 
row basis good agreement with Equation 10 will result.® 

The use of turbulence promoters increases the value of hr for liquids in 
tubes at the expense of pressure drop. The increase obtained depends 
upon the type of turbulence promoter and the rate of flow. No general 
statement can be made regarding their use and it is best to refer to detail- 
ed papers on this subject for further information.®*^ 


Determining Size of Cooling Coil 

To illustrate the use of individual film coefficients in coil calculations, 
the procedure for selecting the proper size cooling coil and for determining 
exit air condition, coil surface temperature, total coil load and refrigerant 
temperature is outlined in Example 1. 

Example L An industrial application requires the cooling of a certain quantity of 
air from a condition of 102 F dry-bulb and 85 F wet-bulb to a final condition of 80.5 F 
dry-bulb and 73 F wet-bulb. The air velocity across the coil is to be 400 fpm and coil 
data are as follows: *= 10,7 at 400 fpm, hr = 325, external surface area *» 15 sq ft 

per (square foot of face) (row of coil depth), ratio of external surface area to internal 
surface area «= 15. 

Solution. (1) Lay out the problem psychrometry as indicated in Fig. 2 and note 
that the minimum horizontal distance between the load ratio line and the saturation 
curve is 1.8 F dry-bulb at point A Fig. 2. This means that U — fdpi in Equation 7 
must not be less than 1.8. Therefore, Equation 7 should be solved for N to determine 
the proper number of rows to be used for the coil. 


Jt^AN 

0.243(7 


loge 


h — tdyi 
h — tdp2 


loge 


102 - 80 


18 


loge 12.22 “ 2.5 
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Then substituting values for A, and G, N may be found as follows; 

10.7 X 16i7 « , , , . , „ . _ 

0 7 243 X 1740 “ vfhidLt N - 6.58 

(2) This establishes the maximum whole number of coil rows that can be used as 6 and 
it is now possible to determine the actual location of the exit air conditions from Equation 
7 by solving for the actual value of (j — idpi for a 6 row coil. 


10.7 X 15 X 6 , 102-80 

0.243 X 1740 “ h - tdpi 


2.275 


This establishes values of 9.78 for 7 ^ » R and 2.25 for ^ — /dos. 

h — Mpi 

(3) Next, the exit air condition at 57.3 F dry-bulb and 56 F wet-bulb as shown at B, is 
found by locating a point on the load ratio line at a horizontal distance of 2.25 dry-bulb 
degrees from the saturation curve. 



Fig. 2. Psychrometric Layout for Coil Selection 


(4) The surface temperature may now be found from Equation 7 which may also be 
written as: 


where 



h — i^dpi 
tt — <dp* 


9.78 X 57.3 
8.78 


(5) The total coil load may be calculated from the enthalpy difference across the coil 
and the air quantity using the weight of dry air instead of the weight of the mixture. 

fft ™ Ga. (hi — W 

« 1700 (49.24 - 23.77) » 43,200 Btu per (hr) (sq ft of face area) 
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where 

Gz = Weight of dry air per (hour) (square foot of coil face area). 
hi =5 enthalpy of air vapor mixture entering coil, Btu per pound of dry air. 
fh =* enthalpy of air vapor mixture leaving coil, Btu per pound of dry air. 

(6) The refrigerant temperature may be found from Equation 9 


43,200 


15X6X 


325 

15 


(^ - O « 22.1 


Therefore, it « (52.3 - 22.1) « 30.2. 

Thus a coil 6 rows deep operating at a refrigerant temperature of 30.2 F and a face 
velocity of 400 fpm is required and it will carry a total load of 43,200 Btu per (hour) 
(square foot of face area). The air conditions leaving the coil are too low^ for the con- 
ditions of the problem and therefore it is necessary to by^ss air at the entering condition 
to obtain the desired result of 80.5 F dry-bulb and 73 F wet-bulb. 



Fig. 3. Psychrometric Layout for Coil Selection 


Although the preceding solution is satisfactory, it may be more desirable in some 
csises to use a higher refrigerant temperature and employ reheat to obtain the desired 
load ratio. Such a solution is shown in Fig. 3. In this case the coil load ratio line 
intersects the saturation curve and therefore a coil of any depth may be selected. 

If a coil depth of 6 rows is maintained, the exit air conditions for the coil are indicated 
at point B Fig. 3 as 72.3 F dry-bulb and 70.8 F wet-bulb and the surface temperature 
will be: 


, 9.78 X 72.3 - 102 ^ 

^ ei 

The coil load will be: gt " 1700 (49.24 — 34.66) » 24,800 Btu per (hour) (square foot 
of face area) and the r^rigerant temperature will be found from Equation 9: 
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24,800 
15 X6 X 


8 ^ 

16 


(k-tr) 


12.7 


Therefore, = 69.0 — 12.7 = 66.3. 

Thus, for the case where reheat is used, a coil 6 rows deep operating at a refrigerant 
temperature of 66.3 F is required. The total coil load will be 24,8C& Btu per ^our) 
(square foot of face area) but the actual effective load will be less by the amount of 
reheat r^uired. Therefore, for a given load, a larger coil and more rrfrigerating capacity 
are required when reheat is used. 


LETTER SYMBOLS USED IN CHAPTER 7 

T] « fin efficiency. 

A =» external area of coil, square feet per (square foot of coil face area) (row 
of coil depth). 

k — Aip* 

D =» internal diameter of tube, inches. 

6^ » air mass velocity, pounds per (hour) (square foot of coil face area). 

Cja » dry air mass velocity, pounds dry air per (hour) (square foot of coil face 
area). 

Ai » enthalpy of air-vapor mixture entering coil, Btu per pound of dry air. 
h% - enthalpy of air-vapor mixture leaving coil, Btu per pound of dry air. 
n film coefficient of heat transfer between air and external coil suiface, Btu 
per (hour)^ (square foot external surface) (Fahrenheit degree mean tem- 
perature difference between air and coil). 
ht « film coefficient of heat transfer between fluid and internal coil surface, 
Btu per (hour) (square foot internal surface) (Fahrenheit degree mean 
temperature between fluid and surface). 
k =» conductivity of pipe or tube material, Btu (square foot) (hour) (Fahrenheit 
degree per inch thickness). 

L thickness of tube wall, inches. 

MTD »* abbreviation — mean temperature difference between fluid in coil and air 
passing over coil, Fahrenheit degrees. 

Note: rz>— usually logarithmic mean. 

MTB 2 , = logarithmic mean temperature difference between air and coil surface. 

N =» number of rows of coil depth. 

n =s a constant, exponent of G in Equation 8, obtained by plotting, on loga- 
rithmic coordinates, G against values of ha. The value of n is the slope of 
the line. 

gjs Bs sensible heat transferred, Btu per (hour) (square foot of coil face area). 
gx total heat transferred by coil, Btu per (hour) (square foot of face area). 

R «= ratio between external and internal surface of tube. 
t = average water temperature, Fahrenheit degrees. 
h = dry-bulb temperature of air entering coil, Fahrenheit degrees. 
k — dry-bulb temperature of air leaving coil, Fahrenheit d^ees. 
k, minimum dry-bulb temperature possible without dehumidification, Fahren- 
heit degrees. 

kpi BB dew-point of air entering coil, Fahrenheit d^ees, 

Alps * dew-point of air leaving coil, Fahrenheit degrees. 
k “ average refrigerant temperature, Fahrenheit d^ees. 
ts « average temperature of external surface of coil, Fah r en h eit d^^rees. 

At ^ k k» 

U =* over-all coefficient of heat transfer, Btu per (hour) (square foot of external 
con surface) (Fahrenheit d^ees temperature difference between fluid in 
coil and air flowing over coil) . 
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V *■ water velocity, feet per second. 

Z » a constant for use in Equation 8 obtained by plotting on logarithmic 
coordinates G against values of 

Note: Numerical subscripts refer to condition entering and leaving 
respectively. 


BEFEBENCES 


* — Rational Development and Rating of Extended Air Cooling Surface, by H. B. Pownall {Rsfngerattng 
Rngyntenng, October, 1935, p. 211). 

* — Performance of Surface-Coil Dehumidifiera for Comfort Air Conditioning, by G. L. Tuve and L. G 
Seigel (A.S.H V.E. Transactions, Vol. 44, 1938, p. 628). 

* — ^The Effect of Turbulence Promoters on Heat Transfer CoeflSdents for Water Flowing m Horizontal 
Tubes, by L. G. Seigel (A. S.H.V.B. Journal Section, Seating, Piping and Air Conditioning, Jime, 1946, 
p. 111). 

^ — Maximum Rate of Heat Transfer with Minimum Loss of Energy, by Z. Nagoaka and A. Watanabe 
(Proceedings, International Congress on Rdrigearaluyn, 7th Congress, Vol. 8, No. 16, pp 221-245, 1937). 




CHAPTER 8 



Causes of IirfUtraiion, InGliraiion Due to Wind Presaure, 
InBltration Through Walls, Window and Door Leakage, Craok 
Method, Ait Change Method, InGltration Due to Temperature 
Difference, Sealing of Vertical Openings 

T he air leakage which takes place through various apertures in 
buildings must be considered in heating and cooling osculations, 
and properly evaluated. This infiltration as it is sometimes designated 
takes place through cracks around doors and windows, through solid 
walls and through fireplaces and chimneys. Although the latter sources 
of leakage may be considerable, they are often neglected on the assump- 
tion that dampers would be closed during periods of extreme cold weather 
or else that the fireplace will be in use at such times and will therefore 
contribute to the heat supplied and lessen the heating load. 

CAUSES OF INFILTRATION 

The displacement of heated air in buildings by unheated outside air is 
due to two causes, namely, (1) the pressure exerted by the wind and (2) 
the difference in density of outside and inside air because of differences in 
temperature. The former is generally referred to as infiltration and the 
latter as stack or chimney effect. 

In either case an exact estimate of the amount of infiltration under 
design conditions is difficult to make. The complicating factors include 
(1) variations in building construction particularly as to width of crack 
or size of openings through which air leakage takes place, (2) the varia- 
tions in wind velocity and direction, (3) the exposure of the building with 
respect to air leakage openings and with respect to adjoining buildings, 
(4) the variations in outside temperatures which influence the chimney 
effect, (5) the relative area and resistance of openings on the windward 
and leeward sides and on the lower floors and on the upper floors, and (6) 
the influence of a planned air supply and the related outlet vents. Tight 
construction is essential for preventing large heat loss due to infiltration. 

INFILTRATION DUE TO WIND PRESSURE 

The wind causes a pressure to be exerted on one or two sides of a 
building. As a result, air comes into the building on the windward side 
through cracks or porous construction, and a similar quantity of air 
leaves on the leeward side through like openings. In general the resis- 
tance to air movement is similar on the windward to that on the leeward 
side. This causes a building up of pressure within the building and a 
lesser air leakage than that experienced in single wall tests as determined 
in the laboratory. It is assumed that actual building leakages owing to 
this building up of pressure will be 80 per cent of laboratory test values. 
While there are cases where this is not true, tests in actual buildings 
substantiate the factor for the general case. Mechanical ventilating 
systems are frequently designed to produce positive or negative pressures 
in an enclosure which are greater or lower than prevalent wind pressures. 
In such designs, if the rate at which air is specified to be introduced to or 
removed from the enclosure by positive means exceeds the infiltration 
rate, it is common practice to use the greater value in determining the 
heating capacity to warm the outside air. 

ISS 
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Infiltration Tbrough Walls 

Data on infiltration through brick and frame walls are given in Table 1 ^ 
The brick walls listed in this table are walls which show poor workman- 
ship and which are constructed of porous bride and lime mortar. For 
go<^ workmandiip, the leakage through hard brick walls with cement- 
ume mortar does not exceed one-third the values given. These tests 
indicate that plastering reduces the leakage by about 96 per cent; a heavy 
coat of cold water paint, 50 per cent; and 3 coats of oil paint carefully 
applied, 28 per cent. The infiltration through walls ranges from 6 to 
25 per cent of that through windows and doors in a 10-story office building, 
wiffi imperfect sealing of plaster at the baseboards of the rooms. Witii 
perfect sealing the range is from 0.5 to 2.7 per cent or a practically 
n^ligible quantity, which indicates the importance of good workmanship 
in proper sealing at the baseboard. It will be noted from Table 1, that 
the infiltration trough properly plastered walls can be neglected. 

The value of building paper when applied between sheathing and 


Table 1. Infiltkation Thkough Wallsa 

Expressed in enbiefeei per square foot per hour 


Type of Wall 

Wind Vblocitv, Miles pee Houe 

5 

10 

15 

20 

25 

30 

SH ui* Brick Wall j Plain 

2 

4 

8 

12 

19 

23 

) Plastered^. 

0.02 

0.04 

0.07 

0.11 

0.16 

0.24 

(Plain 

1 

4 

7 

12 

16 


13 in. Brick Wall- < Plastered^ 

0,01 

0.01 

0.03 


0.07 


(.Plastered^ — 

0.03 

010 

0.21 


0.53 


Frame Wall, with lath and plaster^.. 

0.03 

0.07 

0.13 

0.18 

0.23 

0.26 


•The values given in this table are 20 per cent less than test values to allow for building up of pressure 
in rooms and are based on test data reported in the papers listed in chapter footnotes. 
bTwo coats prepared gypsum plaster on brick. 

•Purring, lath, and two coats prepared gypsum plaster on brick. 

dWall construction: Bevel sidmg painted or cedar shingles, sheathing, building paper, wood lath and 
three coats gypsum plaster. 


shingles is indicated by Fig. 1, which represents the effect on outside 
construction only, without lath and plaster. The effectiveness of plaster 
properly applied is no justification for the use of low grade building paper 
or of the poor construction of the wall containing it. Not only is it 
difficult to secure and maintain the full effectiveness of the plaster but 
also it is highly desirable to have two points of high resistance to air flow 
with an air space between them. The infiltration indicated in Fig. 1 is 
that determined in the laboratory and should be multiplied by the factor 
0.80 to give proper working values. 

Window and Door Leakage 

There are two methods of estimating air leakage through window and 
door cracks, namely, (1) the crack method and (2) the air diange method. 
The crack method is generally regarded as being more accurate than the 
purely arbitrary air change method, provided the variables entering into 
the crack method, such as crack width and clearance, can be properly 
evaluated. 
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Crack Method 

The crack method is based on known air leakage factors for various 
t3T5es of windows and widths of crack and clearance. The wind velocity 
and length of crack are also considered when the crack meAod is employed. 
The amount of infiltration for various types of windows is given in 
Table 2®. The fit of double-hung wood windows is determined by cra^ 
and clearance. Crack thickness is equivalent to one-half the difference 
between the inside window frame dimension and lie outside sash width. 
The difference between the width of the window frame guide and the 
sash Aickness is considered as the clearance. The length of the perimeter 
opening or crack for a double-hung window is equal to three times the 
width plus two times the height, or in other words, it is the outer sash 
perimeter length plus the meeting rail length. Not all the window crack 
in any given room is necessarily used in estimating the infiltration heat 



so 100 120 140 160 ISO 200 220 240 260 280 300 

INFILTRATION, CFH PER SQ FT OF WALL 

Fig. 1. IKFILTBATION THROUGH VARIOUS TVPBS OF ShINGLB COHSTRUCIION 


loss by the crack method. The length of crack to be selected in any given 
case depends on the number of exposed sides as explained in Chapter 14. 

Values of leakage shown in Table 2 for the average double-hung wood 
window were determined by using, on nine windows tested in the labo- 
ratory, the average measured crack and clearance of a large number of 
windows found in a field survey. In addition, the table gives figures for 
a poorly fitted window. All of the figures for double-hung wood windows 
are for the unlocked condition. Just how a window is closed, or fits when 
it is closed, has considerable influence on the leakage. The leakage will 
be high if the sash are short, if the meeting rail members are warped, or if 
the frame and sash are not fitted squarely to each other. It is possible 
to have a window with approximately the average crack and clearance 
that will have a leakage at least double that of the figures shown. Values 
for the average double-hung wood window in Table 2 are considered to be 
easily obtainable figures provided the workmanship on the window is 
good. Should it be known that the windows under consideration are 
poorly fitted, the larger leakage values should be used. Locking a window 
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Table 2. Infiltration Through Windows 


Expressed in Cubic Feet per Foot of Crack per Houre 


Tm or Wnmow 

Rnuiiara 

Wind ViixiOoixt, Mtlbb pib Hods 

5 

10 

15 

20 

25 

30 

Double-Hung 
Wood Sash 
Windows 
(Unlocked) 

Around frame in masonry wall—not oalkedb 

3 

8 

14 


27 

35 

Arouxd frame mxDa8oiixywaIl--eaIkedh 

1 

2 

3 


5 

6 

Around frame in wood frame eanstruotionh^ 

2 

6 

11 

17 

23 

30 

Total for average window, non-weather- 
stnpped, ocaok and ^-in. eiearanoe.o 

Indudes wood frame leakaged 

7 

21 

39 

59 

80 

104 

IXtto, weathenrtrippedd 


13 

24 

36 

49 

63 

Total for poorly fitted window, non-weatheiy 
Btnpped, ^in. ora^ and olearanoa* 

Includes wood frame leakaged 



111 

154 

199 

249 

Ditto, weatherstrippedd 

6 

19 

34 

61 

71 

92 

Double-Hung 
Metal 1 
Windows^ 

Non-weatherstripped, locked 

Weatherstnpped, unlocked 

20 

20 

6 

45 

47 

19 

70 

74 

32 

96 

104 

46 

125 

137 

60 

154 

170 

76 

Rolled 

Section 

Steel 

Sash 

Windowslc 

Indnstrial idvoted, ^in. cracks, , 

Arohiteotiual ixojected, liriu- orackh 

Architectural projected, ^-in. oraokh 

Residential casement, 1^-m. oraoki 

ReEddential casement, ^m. oraoB 

Heavy casement section, projected, l^-in. 

_ ___ _ . . 

52 

15 

20 

6 

14 

8 

8 

108 

36 

52 

18 

32 

10 

24 

176 

62 

88 

33 

52 

18 

88 

244 

86 

116 

47 

76 

26 

54 

304 

112 

152 

60 

100 

36 

72 

372 

139 

182 

74 

128 

48 

92 

Heavy casement section, projected ^in. 

ftHUUcJ __ . . 


Hollow Metal, vertically pivoted window^ 

30 
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»The values given in this table, mth the exception of those for double-hung and hollow metal windows, 
are 20 per cent less than test values to allow for buQding up of pressure in rooms, and are based on test data 
reported in the i>aj>ers listed in chapter footnotes. 

bThe values given for frame leakage axe per foot of sash perimeter as determined for double-hung wood 
windows Some of the frame leakage in masonry walls originates in the brick wall itself and cannot be 
prevented by calking. For the additional reason that calking is not done perfectly and deteriorates with 
time, it is considered advisable to choose the masonry frame Ittkage values for calked frames as the average 
determined by the calked and non-calked tests, 

«Tbe fit of the average double-hung wood window was determined as i|4*ln. crack and K-in. deaxance by 
measurements on approximately 600 wmdows under heating season conditions. 

dThe values given are the totals for the window opening per foot of sash perimeter and indude frame 
leakage and so-called elsewhere leakage The frame leakage values induded axe for wood frame construction 
but apply as well to masonry construction assuming a 50 per cent effidency of frame calking. 

eA ^in. crack and deaxance represent a poorly fitted window, much poorer than average. 

f Windows tested in place in building. 

eindustrial pivoted window generally used in industrial buildings. Ventilators horizontally pivoted 
at center or slightly above, lower part singing out. 

hArchltecturally projected made of same sections as industrial pivoted except that outside framing member 
is heavier, and it refinements in weathering and hardware. Used in semi-monumental buildings such as 
schools Ventilators swing in or out and are balanced on side arms, ^in crack is obtainable in the best 
practice of manufacture and installation. 36-in. crack considered to represent average practice. 

iOf same design and section shapes as so-called heavy section casement but of lighter weight. 1^-in. crack 
is obtainable In the best practice of manufacture and insbdlation. ^in. crack considered to represent average 
practice. 


JMade of heavy sections Ventilators swing in or out and stay set at any degree of opening. crack 

is obtainable in the best practice of manufacture and installation. Hrin. crack conddered to represent 
average practice. 

kWlth rea^nable care in installation, leakage at contacts where windows are attached to steel frame- 
work and at muUions is neghgible. With ^-m. crack, representing poor installation, leakage at contact 
with steel framework is about one-third, and at mullions about one-sixth of that given for industrial pivoted 
windows in the table. 
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generally decreases its leakage, but in some cases may push the meeting 
rail members apart and increase the leakage. On windows with large 
clearances, locking will usually reduce the leakage. 

Wood casement windows may be assumed to have the same unit 
leakage as for the average double-hung wood window when properly 
fitted. Locking, a normal operation in the dosing of this type of window, 
maintains the crack at a low value. 

For metal pivoted sash, the length of crack is the total perimeter of the 
movable or ventilating sections. Frame leakage on steel windows may be 
neglected when they are properly grouted with cement mortar into brick 
work or concrete. When they are not properly sealed, the linear feet of 
sash section in contact with steel work at mullions should be figured at 
25 per cent of the values for industrial pivoted windows as given in 
Table 2. 

When storm sash are applied to well fitted windows, very little re- 
duction in infiltration is secured, but the application of the sash does give 
an air space which reduces the heat transmission and helps prevent the 
frosting of the windows*. By applying storm sash to poorly fitted 
windows, a reduction in leakage of 50 per cent may be obtained, the effect 
so far as air leak^e is concerned being roughly equivalent to that obtained 
by the installation of weatherstrips. 

Door Leakage 

Doors vary greatly in fit because of their large size and tendency to 
warp. For a well fitted door, the leakage values for a poorly fitted double- 
hung wood window may be used. If poorly fitted, twice this figure should 
be used. If wealierstripped, the values may be reduced one-half. A 
single door which is frequently opened, such as might be found in a store, 
should have a value applied which is three times that for a well fitted 
door. This extra allowance is for opening and closing losses and is kept 
from being greater by the fact that doors are not used as much in the 
coldest and windiest weather. 

The infiltration rate through swinging and revolving doors is generally 
a matter of judgment by the engineer making cooling load determinations 
and in the absence of adequate research data the v^ues given in Table 3 
represent current engineering practice*. These values are based on the 
average number of persons in a room at a specified time, which may also 


Table 3. Infiltration Through Outside Doors for Cooling Loads® 
Expressed in Cubic Feet per Minute per Person Entering Room 



•For dooiB located In only one wall or where dooxs in other walls are of revolving t 3 ri)e. 
bVestibules with double pair swinging doon, infiltration may be assumed 75 per cent of swinging 
door values. 

Infiltration for 72 in. revolving doors may be assumed 60 per cent of swinging door values. 
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be the same occupancy assumed for determining the outside ventilation 
requirements outlined in Chapters 12 and 15. 

Air Change Method 

The amount of air leakage is sometimes roughly estimated by assuming 
a certain number of air changes per hour for each room, the number of 
changes assumed being dependent upon the type, use and location of the 
room, as indicated in Table 4. This method may be used to advantage as 
a check on the calculations made in the more exact manner. On the 
other hand, where it is not possible to determine or pre-determine with 
accuracy the width of crack or clearance of windows, or where other 
sources of air leakage cannot readily be evaluated, as is often the case, 
the use of the air change method may be justified. 

The values in Table 4 may be used with reasonable accura^ for resi- 
dences and are the requirements for each room. The total infiltration 
allowance for the entire building should be one-half the sum of the 
infiltration allowances of the individual rooms, since whatever air enters 
on the windward side generally leaves the building on the leeward side 
and the infiltration requirements therefore do not exist simultaneously 
on all sides or in all rooms. An allowance of one air change per hour for 
all sources of air leakage for the entire volume may be considered average 
for a well constructed residence. 

The air leakage for vestibules due to opening and closing of doors is 
sometimes based on the air change method, even though the air leakage 
estimates for other rooms are based on the crack method. Except for 
vestibules and reception halls, it is not advisable to attempt to apply the 
air change method to factories and industrial and commercial buildings 
because of wide variations in the t 3 rpe and percentage of fenestration 
which is the princip 2 d source of air lesikage in such buildings. 

INFILTRATION DUE TO TEMPERATURE DIFFERENCE 

The air exchange due to temperature difference, inside to outside, is a 
chimney effect, causing air to enter through opening at lower levels and 
to leave at higher levels \ Although it is not appreciable in low buildings, 
this loss should be considered in tall, single story buildings with openings 
near the ground level and near the ceiling. Also in tall, multi-story 
buildings it may be a considerable item unless the sealing between various 
floors and rooms is quite perfect. 

In tall buildings, temperature difference or chimney effect will produce 
a head that will add to the effect of the wind at lower levels and subtract 
from it at higher levels. On the other hand, the wind velocity at lower 


Table 4. Air Changes Taeing Place under Average Conditions Exclusive 
OF Air Provided for Ventilation^ 


Kmo OF Room or BuiLonrG 

Nxjmbbr of Air 
Changbs taking 
Place per Hour 

Kind of Room or Builoino 

Number of Air 
Changes taking 
Place per Hour 

Rooms, 1 side exposed 

1 

Rooms with no windows 




or outside doors 

}^toH 

Rooms. 3 sides exoosed 

2 

Entrance Halls 

2 to 3 


2 

Reception Halls 

2 

* 


Bath Rooms _ 

2 



Stores - 

1 to 3 


*For rooms with weathexstiipped windows or storm sash, use H these values, where applicable. 
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levels may be somewhat abated by surrounding obstructions. Further- 
more, the chimney effect is reduced in multi-story buildings by the partial 
isolation of floors, thereby preventing free upward movement, so that 
wind and temperature difference may seldom cooperate to the fullest 
extent. Making the rough assumption that the naUraL zone ' is located at 
mid-hdght of a building, and that the temperature difference is 70 F, 
Equations 1 and 2 may be used to determine an equivalent wind velocity 
to be used in connection with Tables 1 and 2 that will allow for both wind 
velocity and temperature difference: 

7e - VF»- L76a (1) 

Vt •= VW+TjfST (3) 

where 

Vt equivalent wind velocity to be used in conjunction with Tables 1 and 2. 
V — wind velocity upon which infiltration would be determined if tem- 
perature difference were disr^arded. 
a ■■ distance of windows under consideration from mid-height of building 
if above mid-hmght, feet. 

( distance if below mid-he%ht, feet. 

The coeffident 1.75 allows for about one-half the temperature difference head. 

For buildings of unusual height. Equation 1 would indicate negative 
infiltration at the highest stories, which condition may, at times, actually 
exist. 

Sealing of Vertical Openings 

In tall, multi-story buildings, every effort should be made to seal off 
vertical openings such as stair-wells and elevator shafts from the re- 
mainder of the building. Stair-wells should be equipped with sdf-closing 
doors, and, in exceptionally high buildings, should be dosed off into 
sections of not over 10 floors each. Plaster cracks should be filled. 
Elevator endosures should be tight and solid doors should be used. 

If the sealing of the vertical openings is made effective, no allowance 
need be made for the chimney effect. Instead, the greater wind move- 
ment at the greater heights makes it advisable to install additional heating 
surface on the upper floors above the level of neighboring buildings, this 
additional surface being increased as the height is increased. One 
arbitrary rule is to increase the heating surface on floors above neighboring 
buildings by an amount ranging from 5 per cent to 20 per cent. This extra 
heating suiface is required only on the windward tide and on windy dajTs, 
and hence automatic temperature control is especially desirable with such 
installations. 

In stair-wells that are open through many floor levels dthough closed 
off from the remainder of each floor by doors and partitions, the strati- 
fication of air makes it advisable to increase the amount of heating surface 
at the lower levels and to decrease the amount at higher levels. One rule 
is to calculate the heating surfeice of the entire stair-well in the usual way 
and to place 50 per cent of this in the bottom third, the normal amount 
in the naid^e thud and the balance in the top third. 

LaflltraUmi and Air for Combustion 

Infiltration in residences normally supplies the air r^uired for com- 
bustion by fuel burning appliances, but in some residences weather- 
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Stripping, sealing and caulking may reduce infiltration to the point that 
special openings must be provided to supply adequate air to the heating 
appliances. 
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Wind Forces, Temperature Difference Forces, Heat Removal, 
Openings, Windows, Doors, Skylights, Roof Ventilators, 
Stacks, Principles of Control, General Rules, Dairy Barn 
Ventilation, Garage Ventilation 


V ENTILATION by natural forces finds application in industrial 
plants, public buildings, schools, dwellings, garages, and in farm 
buildings. 

The natural forces available for moving air into, through, and out of 
buildings are: (a) wind forces, and (b) Qie difference in temperature 
between the £iir inside and outside a building. The air movement may 
be caused by either of these forces acting alone or by a combination of the 
two, depending upon atmospheric conditions, building design and loca- 
tion. The ventilating results obtained will vary, from time to time, due 
to variation in the velocity and direction of the wind and the temperature 
difference. The arrangement, location, and control of the ven^ating 
openings should be such that the two forces act cooperatively rather 
than in opposition. 


WIND FORCES 

In considering the use of natural wind forces for producing ventilation, 
account must be taken of: (1) average wind velocity, (2) prevailing wind 
direction, (3) seasonal and daily variations in velocity and direction, and 
(4) local wind interference by nearby buildings, hills or other obstructions 
of similar nature. 

Values are given in Table 2, Chapter 15 for the average wind velocities 
for the^ months June to September in various locaUties throughout 
the United States, while Table 1, Chapter 14, lists similar values for 
the winter. In almost all localities the summer wind velocities are lower 
than those in the winter, and in about two-thirds of the localities the 
prevailing direction is different during the summer and winter. While the 
tables give no average velocities below 5 mph, there will be times when 
the velocity is lower, even in localities where the seasonal average is con- 
siderably above 6 mph. There are relatively few places where the velocity 
falls below one-half of the average for many hours per month. Con- 
sequently, if the natural ventilating system is designed for wind velocities 
of one-hdf of the average seasonal velocity, it should prove satisfactory in 
almost every case. 

Equation 1 may be used for calculating the quantity of air forced 
through ventilation openings by the wind, or for determining the proper 
size of such openings to produce given results: 

Q^EAV (1) 

where 

Q = air flow, cubic feet per minute. 

A » free area of inlet openings, square feet. 

V « wind velocity, feet per minute, *■ miles per hour X 88. 

E — effectiveness of openings. (£ should be taken at 0.50 to 0.60 for perpendicular 
winds and 0.25 to 0.35 for diagonal winds^.) 

The accuraty of the results obtained by the use of Equation 1 depends 
upon the placing of the openings, as the formula assumes that ventilating 
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opaiings have a flow coefficient slightly greater than that of a square- 
edged oiiflce. If the openings are not advantageously plaosd with respect 
to the wind, the flow per unit area of the openings will be less and, if 
unusually well placed, the flow will be slightly more than that given by 
the formula. Inlets should be placed to face directly into the preAiailing 
wind, while outlets should be placed in one of the five places listed: 

1. On the »de of the building directly opposite the direction of the prevailing vind. 

2. On the roof in the low pressure area caused by the jump of the wind (see !)• 




Fig. 1. The Jump of Wind from Windward Face op Building. (A — ^Length of 
Suction Area; B — Point of Maximum Intensity of Suction; 

C— Point of Maximum Pressure) 

3. On the sides adjacent to the windward face where low pressure areas occur. 

4. In a monitor on the side opposite from the wind. 

6. In roof ventilators or stacks. 

TEMPEEtATUBE DIFFERENCE FORCES? 

The stack effect produced within a building when the outdoor tempera- 
ture is lower than the indoor temperature is due to the difference in weight 
of the W£irm column of air within the building and cooler air outside. 
The flow due to stack effect is proportional to the square root of the 
draft head, or approximately: 


Q -9.4.4 yh«-<o) 


( 2 ) 
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where 

Q =» air flow, cubic feet per minute. 

A * free area of inlets or outlets (assumed equal), square feet. 
h ■■ height from inlets to outlets, feet. 

t ■> average temperature of indoor air in height h, Fahrenheit degrees. 
to *= temperature of outdoor air, Fahrenheit degrees. 

9.4 — constant of proportionality, including a value of 65 per cent for effectiveness of 
openings. This should be reduced to 60 per cent (constant « 7.2) if conditions 
are not favorable. 

HEAT REMOVAL 

In problems of heat removal, knowing the amount of heat to be re- 
moved Eind having selected a desirable temperature difference, the amount 
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1 2 3 4 5 6 

RATIO OF OUTLET TO INLET OR VICE-VERSA 

Fig. 2. Increase in Flow Caused by Excess of One Opening Over Another 

of air to be passed through the building per minute to mmntain this tem- 
perature difference can be determined by means of Equation 3. 

H = 0.0176 Q(t- to) (3) 

where 

H “ heat removed, Btu per minute. 

Q « air flow, cubic feet per minute. 

# 0 “ inside-outside temperature difference, Fahrenheit degrees. 

EFFECT OF UNEQUAL OPENINGS 

The largest flow per unit area of openings is obtained when inlets and 
outlets are equal, and the equations given previously are based on this 
condition. Increasing outlets over inlets, or vice-versa, will increase the 
air flow, but not in proportion to the added area. When solving problems 
having an unequal distribution of openings, use the smaller area, either 
inlet or outlet, in the equations and add the increase as determined from 
Fig. 2. 

COMBINED FORCES OF WIND AND TEMPERATURE , 

Equations for determining the air flow due to temperature difference 
and wind have already been given. It must be remembered that when 
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both forces are acting together, even without interference, the resulting 
air flow is not equal to the sum of the two estiijiated quantities. The 
flow through any opening is proportional to the square root of the sum 
of the heads acting on that opening. 

When the two heads are about equal in value and the ventilating 
openings are operated so as to coordinate them, the total air flow through 
the building is about 10 per cent greater than that produced by either 
head acting independently under conditions ideal to it. This percentage 
decreases rapidly as one head increases over the other and the larger 
will predominate. 

The wind velocity and direction, the outdoor temperature, or the 
indoor distribution, cannot be predicted with certainty, and refinement 
in calculations is not justified; consequently, a simplified method can be 



Fig. 3. Determination of Flow Caused by Combined Forces of Wind 
AND Temperature Difference 


used. This may be done by using the equations and calculating the flows 
produced by each force separately under conditions of openings best 
suited for coordination of the forces. Then, by determining, as a per- 
centage, the ratio of the flow produced by temperature difference to the 
sum of the two flows, the actual flow due to the combined forces can be 
approximated from Fig. 3. 

Example 1, Assume a drop forge shop, 200 ft long, 100 ft wide, and 30 ft high. The 
cubical content is 600,000 cu ft, and the height of the air outlet over that of the inlet is 
30 ft. Oil fuel of 18,000 Btu per pound is used in this shop at the rate of 15 gal per hour 
(7.76 lb per eal). Desired summer temperature difference is 10 deg and the prevailing 
mnd is 8 mph perpendicular to the long dimension. What is the necessary area for the 
inlets and outlets, and what is the rate of air flow through the building? 


Solution for Temperature Difference Only, The heat E 
34,875 Btu per minute. 


15 X 7.75 X 18,000 
60 


By Equation 3, the air flow required to remove this heat with an average temperature 
difference of 10 dear is; 
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^ H 34,875 

^ “ 0.0176 (t - to) ^ 0.0175 X 10 


199,286 cfm. 


This is equal to about 20 air changes per hour. From Equation 2 the inlet (or outlet) 
opening area should be: 


A 


Q 

9.4 y h(f — to) 


199,286 
9.4 ^30 X 10 


1224 sq ft. 


The flow per square foot of inlet or outlet would be 199,286 -s- 1224 — 163 cfm with all 
windows open. 

Solution for Wind (My. With 1,224 sq ft of inlet of^nings distributed around the 
sidewalls, there will be about 410 sq ft m each long side and 202 sq ft in each end. 
The outlet area will be equally distributed on the two sides of the monitor, or 612 sq ft 
on each side. With the wind perpendicular to the long side, there will be 410 sq ft of 
opening in its path for inflow and 612 in the lee side of the monitor for outflow with the 
windward side closed. The air flow, as calculated by Equation 1, will be: 

Q - 0.60 X 410 X 704 - 173,200 cfm. 

This gives 17.3 air changes per hour, which should be more than ample when there is 
no heat to be removed. 

Solution for Combined Heads. Since the windward side of the monitor is closed when 
the wind is blowing, the flow due to temperature difference must be calculated for tikis 
condition, using Fig. 2. This chart shows that when inlets are twice the size of the 
outlets, in this case 1,224 sq ft in the sidewalls and 612 sq ft in the monitor, the flow will 
be increased 26.5 per cent over that produced by equal openings. Using the smaller 
opening and the flow per square foot obtained previously, the calculated amount for this 
condition will be: 

612 X 163 X 1.266 - 126,200 cfm. 

Adding the two computed flows: 

Temperature Difference =» 126,200 -* 42 per cent. 

Wind « 173,200 « 68 per cent. 


Total 299,400 — 100 per cent. 

From Fig. 3, it is determined that when the flow, due to temperature difference, is 
42 per cent of the total, the actual flow, due to the combined forces, will be about 1.6 
times that calculated for temperatxire difference alone, or 201,920 cfm. 

The original flow, due to temperature difference alone, was 199,286 cfm with all 
openings in use. The effect of the wind is to increase this to 201,920 cfm even though 
half of the outlets are closed. 


A factor of judgment is necessary in the location of the openings in a 
building, especially tliose in the roof, where heat, smoke and fumes are 
to be removed. Usually windward monitor openings should be closed, 
but if the wind is low enough for the temperature head to overcome it, 
all windows may be opened. 


TYPES OF OPENINGS 

Types of opening may be classified as; (1) windows, doors, monitor 
openings and skylights, (2) roof ventilators, (3) stacks connecting to 
registers, and (4) specially designed inlet or outlet openings. 

Windows, Doors and Skylights 

Windows have the advantage of transmitting light, as well as providing 
ventilating area when open. Their movable parts are arranged to open 
in various ways; they may open by sliding either vertically or horizon- 
tally, by tilting on horizontal pivots at or' near the center, or by swinging 
on pivots at the top, bottom or side. Regardless of their design, the air 
flow per square foot of opening may be considered to be the same under 
the same conditions. The type of pivoting should receive consideration 
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from the standpoint of weather protection, and certain t 3 T)es may be 
advantageous in controlling the distribution of incoming air. Deflectors 
are sometimes used for the same purpose, and these devices should be 
considered a part of the ventilation system. 

Roof Ventilatorm 

The function of a roof ventilator is to provide a storm and weather 
proof air outlet. These are actuated by the same forces of wind and 
temperature head, which create flow through other types of openings. 
The capacity of a ventilator depends upon four things: (1) its location 
on the roof, (2) the resistance it and the duct work offers to air flow, (3) 
the height of draft, and (4) the efficiency of the ventilator in utilizing the 
kinetic energy of the wind for inducing flow by centrifugal or ejector 
action. 

For maximum flow induction, a ventilator should be located on that 
part of the roof where it will receive the full wind without interference. 
If ventilators are installed within the suction region created by the wind 
passing over the building, or in a light court, or on a low building between 
two high buildings, their performance will be seriously influenced. Their 
normal ejector action, if any, may be completely lost. 

The base of the ventilator should be of a taper-cone design to produce 
the effect of a bell-mouth nozzle whose coefficient of flow is considerably 
higher than that of a square-entrance orifice. If a grille is provided at 
the base, or if the base or structural members present obstructions, 
additional resistance is introduced, and the base opening should be 
increased in size accordingly. 

Air inlet openings located at lower levels in the building should be at 
least equal to, and preferably larger than the combined tibroat areas of 
all roof ventilators. The air discharged by a roof vmtilator depends on 
wind velocity and temperature difference, and, in general, its per- 
formance will be the same as any monitor opening located in the same 
place but, due to the four capacity factors already mentioned, no simple 
formula can be devised for expressing ventilator capacity. 

Roof ventilators may be classified as stationary, pivoting or oscillating, 
and rotating. Generally, these have a roimd throat, but the continuous- 
ridge ventilator, or so-c^led heat valve, would fall in the stationary 
classification. AA^en selecting roof ventilators, some attention should be 
given to ruggedness of construction, storm proofing features, dampers 
and damper operating mechanisms, possibility of noise, original cost, and 
maintenance. 

Natural ventilation units may be used to supplement power-driven 
supply fans, and under favorable weather conditions it may be possible 
to stop the power-driven units. Units are not subject to code tests for 
ratings. Generally they must be selected from manufacturers’ tables. It 
is, therefore, very important to consider the reliability of the ratings used. 

Controls 

Gravity ventilators may have dampers controlled by hand, thermostat, 
or wind velocity, in combination with a fan. The thermostat station 
may be located an 5 nvhere in the building, or it may be located within 
the ventilator itself. The purpose of wind velocity control is to obtain 
a definite volume of exhaust regardless of the natural forces, the fan 
motor being energized when the natural exhaust capacity falls below a 
certain minimum, and again shut off when the wind velocity rises to the 
Doint where this minimum volume can be supplied by natural forces. 
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Stacks 

Stacks or vertical flues are really chimne57s which function through 
the effects of the wind and temperature difference. Like the roof venti- 
lator, the stack outiet should be located so that the wind may act upon 
it from any direction. With little or no wind, the chimney effect de- 
pends entirely on temperature difference to produce a removal of air from 
the rooms where the inlet openings are located. 

GENERAL RULES 

A few of the important requirements in addition to those already 
outlined are: 

1. Inlet openings in the building should be well distributed, and should be located on 
the windward side near the bottom, while outlet openings are located on the leeward side 
near the top. Outside air will then be supplied to the zone to be ventilated. 

2. Inlet openings should not be obstructed by buildings, trees, sign boards, etc. 
outside nor by partitions inside. 

8. Greatest flow per square foot of total opening is obtained by using inlet and outlet 
openings of nearly equal areas. 

4. In the design of window ventilated buildings, where the direction of the wind is 
quite constant and dependable, the orientation of the building together with amount 
and grouping of ventilation openings can be readily arranged to take full advantage of 
the force of ue wind. Where the wind’s direction is quite variable, the oi^ings should 
be arranged in sidewalls and monitors so that, as far as possible, there wfll be approxi- 
mately equal areas on all sides. Thus, no matter what the wind’s direction, there w^ 
always be some openings directly exposed to the pressure force and others to a suction 
force, and effective movement through the building will be assured. 

5. Direct short circuits between openings on two sides at a high level may clear the 
air at that level without producing any appreciable ventilation at me levd of occupancy. 

6. In order that temperature difference may produce a motive force, there must be 
vertical distance between openings. That is, if there are a number of openings available 
in a building, but all are at the same level, there will be no motive head produced by 
temperature difference, no matter how great that difference might be. 

7. In order that the force of temperature difference may operate to maximum ad- 
vantage, the vertical distance between inlet and outlet openings should be as great as 
possible. Openings in the vicinity of the neutral zone are less effective for ventilation. 

8. In the use of monitors, windows on the windward side should usually be kept 
closed, since, if they are open, the inflow tendency of the wind counteracts the outflow 
tendency of temperatiu-e cufference. Openings on the leeward side of the monitor result 
in cooperation of wind and temperature difference. 

9. In an industrial building where furnaces that rive off heat and fumes are to be 
installed, it is better to locate them in the end of the building exposed to the prevailing 
wind. Tbe strong suction effect of the wind at the roof near me windward end will then 
cooperate with temperature difference, to provide for the most active and satisfactory 
removal of the heat and gas laden air. 

10. In case it is impossible to locate furnaces in the windward end, that part of the 
building in which they are to be located should be built higher than the rest, so that the 
wind, in splashing therefrom, will create a suction. The additional height also increases 
the effect of temperature difference to cooperate with the wind. 

11. The intensity of suction or the vacuum produced by the jump of the wind is 
greatest just back of the building face. The area of suction does not vary with the wind 
velocity, but the flow due to suction is directly proportional to wind velocity. 

12. Openings much larger than the calculated areas are sometimes desirable, especially 
when changes in occupancy are possible, or to provide for extremely hot days. In the 
former case, free openings should be located at the level of occupancy for psychological 
reasons. 

13. In single story industrial buildings, pa^cularlv those covering large areas, natural 
ventilation must be accomplished by taking air in and out of the roof openings. Openings 
in the pressure zones can be used for inflow and openings in the suction zone, or openings 
in zones of less pressure, can be used for outflow. The ventilation is accomplished by the 
manijpulation of openings to get air flow through the zones to be ventilate. 
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DAIRY BARN VENTILATION* 

A successful barn ventilating sjrstem is one which continuously supplies 
the proper amoiint of air requir^ by the stock, with proper distribution 
and without drafts, and one which removes the excessive heat, moisture, 
and odors, and maintains the air at a proper temperature, rdative 
humidity, and degree of cleanliness. 

Bam temperatures below freezing and above 80 F affect milk produc- 
tion. Milk producing stock should be kept in a bam temperature be- 
tween 45 and 50 F. Dry stock, at reduced feeding, may be kept in a bam 
5 to 10 d^ higher. Calf bams are generally kept at 60 F, wMe hospital 
and maternity bams usually have a temperature of 60 F or somewhat 
higher. 

The heat produced by a cow of an avers^e weight of 1000 lb may be 
taken as 3000 Btu per hour. The average rate of moisture production by 
a cow giving 20 lb of milk per day is 15 lb of water per day, or 4375 grains 
per hour. To set a standard of permissible relative humidity for cow 
bams is difficult For 45 F an average relative humidity of 80 per cent 
is satisfactory, with 85 per cent as a limit. 

Where the barn volume and constmction permit adequate heating by 
the stabled animals, the air supply need not be heated. The air should be 
supplied through or near the ceiling. It is better to have the exhaust 
openings near ffie floor as larger volumes of warm air are then held in the 
Kim and there is better temperature control with less likelihood of sudden 
change in bam temperature. 

If a cow weighs 1000 lb and produces 3000 Btu of heat per hour, and if 
a bam for the cow has 600 cu ft of air space with 130 sq ft of building 
exposure, one cow will require 2600 to 3550 cu ft per hour of ventilation, 
depending on the temperature zone in which the bam is located. The 
permissible heat losses through the structure, based on one cow and 
depending on the temperature zone, vary between 0.043 and 0.066 Btu 
per (hour) (cubic foot of bam space), and 0.197 to 0.305 Btu per (hour) 
(square foot of bam exposure). 

GARAGE VENTILATION 

On account of the hazards resulting from carbon monoxide and other 
physiologically harmful or combustible gases or vapors in garages, the 
importance of proper ventilation of these buildings cannot be over- 
emphasized. During the warm months of the year, garages are usually 
ventilated adequately because the doors and windows are ^pt open. As 
cold weather sets in, more and more of the ventilation openings are closed 
and consequently on extremely cold days the carbon monoxide concentra- 
tion runs high. 

Many garages can be satisfactorily ventilated by natural means, par- 
ticularly during the mild weather when doors and windows can be kept 
open. However, the A.S.H.V.E. Code of Minimum Requirements for 
Heating and Ventilating Garages, adopted in 1935, states that natural 
ventilation may be employed for the ventilation of storage sections where 
it is practical to maintain open windows or other openings at all times. 
The code specifies that such openings shall be distributed as uniformly 
as possible in at least two outside walls, and that the total area of such 
openings shall be eqmvalent to at least 5 per cent of the floor area. The 
code further states that where it is impracticable to operate such a system 
of natural ventilation, a mechanical system shall be used which shall 
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provide for either the supply of 1 cu ft of air per minute from out-of-doors 
for each square foot of floor area, or for removing the same amount and 
discharging it to the outside as a means of flushing the garaged 

Research 

Research on garage ventilation, undertaken by the A.S.H.V.E, Com- 
mittee on Research at Washington University St. Louis, Mo., and at 
the University of Kansas, Lawrence, Kans., in cooperation with the 
A.S.H.V.E. Research Laboratory, and at the A.S.H.V.E. Research 
Laboratory, has resulted in authoritative papers on the subject. 

Some of the conclusions from work at the Laboratory are listed in the 
following statements: 

1. Upward ventilation results m a lower concentration of carbon monoxide at the 
breathing line and a lower temperature above the breathing line than does downward 
ventilation, for the same rate of carbon monoxide production, air change and the same 
temperature at the 30-in, level, 

2. A lower rate of air change and a smaller heating load are required with upward 
than with downward ventilation. 

3. In the average case upward ventilation results in a lower concentration of carbon 
monoxide in the occupied portion of a garage than that obtained with mixing of the 
exhaust gases and the air supplied.^ However, the variations in concentration from 
point to point, together with the possible failure of the advantages of upward ventilation 
to accrue, sug^ the basing of garage ventilation on complete mixing and an air change 
sufficient to dilute the exhaust gases to the allowable concentration of carbon monoxide. 

4. The rate of carbon monoxide production by an idling car is shown to vary from 
25 to 50 cu ft per hour, with an average rate of 35 cu ft per hour. 

5. An air change of 350,000 cu ft per hour per idling car is required to keep the carbon 
monoxide concentration down to one part in 10,000 parts of air. * 
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Classific&tion of Air Contazninanta; Sizes of Airborne Particles; 
Air Pollution by Smoke, Ash and Cinders, Smoke Abatetnent; 
Odor Nuisance, Maximum Allowable Concentrations of Indus-- 
trial Air Contaminants; Flammable Gases and Vapors; Com- 
bustible Dusts; Atmospheric Pollen; Airborne Bacteria 


T he normal constituents of the earth’s atmosphere are oxygen, 
nitrogen, carbon dioxide, water vapor, argon, small or negligible 
amounts of other inert gases, hydrogen, variable traces of ozone, and small 
quantities of microscopic and submicroscopic solid matter, sometimes 
called permanent atmospheric impurities. From the viewpoint of the air 
conditioning en^neer, all other airborne substances may be termed con- 
taminants. This term is applied preferably, however, to undesirable or 
chance impurities, since the occasion may arise for adding to the air 
controlled amounts of substances such as: solid or gaseous diluents for 
the prevention of explosions; germicidal mists or aerosols for bacteria 
control; masking substances for odor control; or a substitute for one of 
the normal gases, as is the case when helium is used to replace nitrogen in 
atmospheres for compressed air workers or divers. 

The control of air quality is one of the functions of complete air con- 
ditioning, and some knowledge of the composition, concentration and 
properties of air contaminants under various circumstances is therefore 
essential. 

Air contaminants arise from the normal processes of wear, erosion, 
windstorm, sea-spray evaporation, thermaJ disintegration, earthquake, 
volcanic eruption, combustion, manufacturing, transportation, agricul- 
ture, and the biochemical or biological processes of life. They are classi- 
fied at various times as organic and inorganic, visible or invisible, micro- 
scopic or macroscopic, particulate or gaseous, toxic or harmless, beneficial 
or destructive. The following classification is based chiefly upon the 
origin or method of formation of air contaminants, using distinctions 
that are necessarily arbitrary in some cases. 

CLASSfflCATION OF AIR CONTAMINANTS 

DustSi Fumes, and Smokes are known as solid particulate air contami- 
nants. 

Busts are solid particles projected into the air by natural forces, such as wind, volcanic 
eruption or earthquake, and by mechanical or man-made processes, such as crushing, 
grinding, milling, dnlling, demolition, shovelling, conveying, screening, bagging and 
sweeping. Some of these forces produce dust from larger masses, while the others simply 
disperse materials that are already in dust or pulverized form. Generally particles are 
not called dust unless they are smaller than about 100 microns in size. Dusts may be of 
mineral type, such as rock, ore, metal, sand; vegetable, such as grain, flour, wood, cotton, 
pollen; or animal, such as wool, hair, silk, feathers, leather. 

Fumes are solid particles commonly formed by the condensation of vapors of solid 
materials and may usually be found above molten metals in industrial environments. 
Metallic fumes generally occur as the oxides in air because of the highly reactive nature 
of finely divided matter. Fumes may also be formed by sublimation, distillation, 
calcination, or chemical reaction, whenever such processes create airborrle particles 
predominately below the 1 micron size. Fumes permitted to age tend to flocculate into 
clumps or aggregates of much larger size and this tendency may facilitate their removal 
oiV rnntrnlIf*H conditions. 
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Smokes are the extremely small solid particles produced by incomplete combustion 
of organic substances such as tobacco, wood, coal, oil, tar and other carbonaceous 
materials. The term smoke is commonly applied to the mixture of solid, liquid and 
gaseous products of combustion, although the technical literature prefers to distinguish 
between such components as soot or carbon particles, fly-ash, cinders, tarry matter, 
unburned gases, and gaseous combustion products The finest particulate constituents 
are characteristically much less than 1 micron in size, often m the range of 0 1 to 0 3 
micron. 

Mists and Fogs are known as liquid particulate air contaminants. 

Mists are very small airborne droplets of materials that are ordinarily liquid at normal 
temperatures and pressures. They may be formed by atomizing, spraying, splashing, 
mixinp^, violent chemical reaction, electrolytic evolution of gas from a liquid, or escape 
of a dissolved gas upon release of pressure The very small droplets expelled or atomized 
into the air by sneezing constitute mists containing microorganisms that become air 
contaminants. 

Fogs are limited by some classifications to airborne droplets formed by condensation 
from the vapor state. This arbitrary distinction between mist and fog is of minor 
importance, as both terms are used to indicate the particulate state of airborne liquids 
(occasionally termed aerosols). Fog nozzles are so named because of their ability to 
produce extra fine droplets as compared to the mist from ordinary spray devices The 
highly volatile nature of some liquids quickly reduces their airborne droplets from the 
mist to the fog range, and eventually to the vapor phase until the air becomes saturated 
with that liquid Many droplets in fogs or clouds are microscopic and submicroscopic 
in size, and may be conceived as the transition state between the larger mists and the 
vapors. 

Vapors and Gases are known as gaseous non-particulate air contami- 
nants. 

Vapors are the gaseous phase of substances that are either liquid or solid in their 
commonl};; known state, exanmles being gasoline, kerosene, benzene, carbon tetrachloride, 
mercury, iodine, camphor. Vapors may be changed to the solid or liquid form by in- 
creasing the pressure, decreasing the temperature or applying both processes simultan- 
eously. They are removed from the air by condensation with less difficulty than are 
the gases. 

Gases are normally formless fluids which tend to occupy a space or enclosure completely 
and uniformly at ordinary temperatures and pressures.^ The following substances, there- 
fore, qualify as gases: oxygen, nitrogen, carbon dioxide, carbon monoxide, hydrogen, 
ammonia, sulfur dioxide. Gases, likewise, may be solidified or liquefied by the proper 
control of temperature and pressure. 

The preceding classification is not suitable for the airborne living 
organisms, which themselves range in size from the submicroscopic 
viruses to the largest pollen grains, not considering the smallest insect life. 
Bacteria range from about 0.2 to ,6 microns in size, fungus spores from 
1 to 10 microns, and pollen from 6 to 150 microns. 

SIZES OF AIRBORNE PARTICLES 

Fig. 1 is a graphic tabulation of the properties of airborne solids and 
liquids arranged according to size on the micron scale. There are 25,400 
microns in 1 inch. 

Particles larger than 10 microns are unlikely to remain suspended in 
air currents of moderate strength, but settle out by gravity at speeds 
dependent upon the shape, the size and specific gravity of the particle, 
the wind velocity, the orientation of the collecting surface, and the 
topography. These larger particles are of major interest to the engineer 
in the solution of nuisance problems, but it is usually the smaller particles, 
or those below 10 microns, that remain in the air long enough to be of 
hygienic as well as economic significance. 

The great bulk of industrial dust particles are of the order of 1 micron 
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Fig. 1. Sizes and Characteristics of Airborne Particulate Matter 


in size. Tremendous numbers are also present in the sub-microscopic 
range below 0.5 micron, but those below 0.1 micron are not believed at 
present to be of any practical importance, possibly due to their exceed- 
ingly small mass in comparison with the balance of airborne matter. In 
fact, particles this small may become the permanent atmospheric impuri- 
ties that have little if any opportunity of settling because of the continual 
motion imparted to them by air currents and the molecular activity of 
their supporting gases (Brownian Movement). 

The survey ^ of atmospheric pollution in 14 American cities conducted 
from 1931 to 1933 indicated the average size of outdoor dust particle 
to be 0.5 micron, as collected by the Owens jet dust counter and measured 
under the microscope. The inability of the Ught field microscope to 
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reveal particles in the 0.1 micron vicinity may account in part for this 
observed statistical average of 0.5 micron. 

The lower limit of particle size visible to the naked eye cannot be 
stated definitely. It depends not only upon the individual eye, but also 
upon the shape and color of the partide, the intensity and quality of the 
light, and the nature of the background or the opportunity for contrast. 
Under ideal conditions a particle of 10-micron size may be recognized, 
while under less favorable conditions it may be impossible to distinguish 
a partide smaller than 60 microns. The lower limit of visibility should, 
therefore, be considered as a physiological range, probably 10 to 50 
microns. 

Dusts, powders and granular materials are frequently dassified by 
reference to the size of screens used for separation. Particles above 40 
microns are said to be the screen sizes and those below, the sub-screen or 
microscopic sizes. The approximate or theoretical sizes of partides 
corresponding to the mesh scale of the U. S. Standard Sieve Series are 
given in Table 1. 


Table 1. Relation of Screen Mesh to Particle Size 


U. S. Standard 
Sieve Mesh 

400 

325 

200 

140 

100 

60 

35 

18 

Nominal Sieve 
Opening in 
Microns— .. 

37 

44 

74 

105 

140 

250 

500 

1000 


Microscopic examination of screened dust indicates that the average 
diameter of a sample of irregular particles may be substantially larger 
than the openings of the screen through which it has passed, if the partide 
shapes deviate considerably from tiie spherical form*. The smallest 
dimension of many such particles will correspond with the maximum 
permissible distance between the wires of commercial screens made to 
ASTM Standard specifications. 

Screening does not give sharp separation into size groups, and accord- 
ingly such a dassification is statistical rather than absolute. 

Mineral partides, such as grains of sand, bits of rock, volcanic ash, or 
fly-ash, can be transported long distances under unusual circumstances. 
Thus, the dust storms of 1935 in the Kansas district resulted in vast 
amounts of fine top soil being thrown high into the air. Solar illumination 
as far east as Boston was affected noticeably and particles as large as 40 
to 60 microns were actually carried half way across the continent before 
they settled out. In similar meuiner volcanic ash has been carried even 
farther. It is not surprising, therefore, that fly-ash from furnace gases, 
cement dust and the like, can be carried for considerable distances and 
that, occasionally, the engineer is confronted with the problem of remov- 
ing such material before uie air in question is suitable for use in building 
ventilation. 

AIB POLLUTION BY SMOKE, ASH AND CINDEBS 

The total airborne solids settling in urban areas are usually reported 
as soot fall in tons per (square mile) (month). Such data published for 
the dties in this country range from 20 to 200 tons per (square mile) 
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(month). To the air conditioning engineer this information may indicate 
the effectiveness of smoke abatement or fuel combustion control methods 
in his locality, but it does not provide a suitable index of the suspended 
dust that air cleaners in a ventilating system are expected to capture 
Gravimetric or weight data of the type given in Table 2 are preferable. 
In some cases airborne particle counts may be necessary, as for pollen, 
bacteria, spores, and dusts causing illness or lung disease. 

Dust concentrations by weight cannot be converted directly to con- 
centrations by particle count because of the variability of particle size, 
shape and specific gravity, and the inherent characteristics of dust 
counting and weighing procedures. One milligram of dust per cubic 
meter of air may represent dust counts from 1 million to 100 million 
particles per cubic foot of air (lightfield microscope technic) according 
to the size distribution of the airborne dust sample. Information of this 
type for a specified application is best obtained by simultaneous sampling 
for both counting and weighing and noting carefully at the time all factors 
that might affect the reproducibility of the count-weight ratio. 


Table 2. Dust Concentration Ranges 


Location 

Grains per 1000 

Cu Ft* 

Milligrams per 
Cubic Meter 

Rural and siiburl^iin districts - 

0.02-0.2 

0.05-0.5 

Mi^tropolitan difltrirtfi 

0.0^.4 

0.1 -1.0 

Industrial districts 

0.1 -2.0 

0.2 -5.0 

Ordinary farfnri#« nr wnrtrnnms 

0.2 -4.0 

0.5 -10 

Excessively dusty factories or mines. 

4-400 

10-1000 

Minimum <»xplo«5iva mnnantratinna ^ 

4000-200,000 

10,000-600,000 



Bl grain per 1000 cu ft « 2.3 milligrams per cubic meter. 

1 oz per cubic foot -• 1 gram per liter ■■ 1000 grams per cubic meter. 


Smoke Abatement 

Successful abatement of atmospheric pollution caused by smoke 
requires the combined efforts of the combustion en^neer, industrial 
executive, public health officer, city planning commission and the com- 
munity at large. Electrification of industry and railroads, increase in 
the use of domestic oil and gas furnaces, and segregation of industrial 
districts is gradually providing effective aid in the solution of this problem. 

In the large cities where nuisance from smoke, fly-ash and cinders is 
more serious, limited areas obtain some relief by the use of district heating. 
Boilers in these plants are of large size, designed and operated to burn the 
fuel without wasteful smoke, and equipped in some cases with dust 
collecting devices. The gases of combustion are usually discharged at a 
much higher level than is possible in the case of scattered buildings 
equipped with separate boiler plants. 

Time, temperature and turbulence are fundamental requirements for 
smokeless combustion. Increase of any one of these factors will reduce 
the quantity of smoke discharged, although excessive turbulence in fur- 
naces may increase the output of ash and cinders. Special care must be 
taken in hand firing the bituminous coals. (See Chapters 16, 17 and 18 
for further discussion on fuel burning technic). 

Legislative measures at the present time are largely concerned with 
reduction of the visible smoke discharged from chimneys of boiler plants. 
Practically all ordinances limit the number of minutes in any one hour 
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that smoke of a specified density may be discharged, as measured by 
comparison with a Ringelmann Chart (Chapter 11, Instruments and 
Measurements). Ordinances generally do not make specific provision 
for control of the corrosive and irritant gases, such as sulfur dioxide and 
trioxide, which are discharged with the gases of combustion. Where 
high sulfur coals are burned, these sulfur gases present a serious hazard 
to property, health and vegetation. 

In foggy weather the accumulation of these gases in the lower strata 
of the atmosphere may be such as to cause irritation of the eyes, nose 
and respiratory passages, and possibly even more dangerous consequences. 
The Meuse Valley (Belgium) fog disaster has become a classic example in 
the history of gaseous air pollution. Released in a rare combination of 
atmospheric calm and dense fog, it is believed that sulfur dioxide and 
other toxic gases from the industrial region of the valley caused 63 sudden 
deaths, and injuries to several hundred persons. 

Dusts and cinders in flue gas may be caught by various available 
devices, such as settling chambers, centrifugal separators, electric precipi- 
tators, and gas scrubbers. T^ie difl&culty of retaining the dust and cinder 
particles is principally a function of their size, specific gravity, and re- 
sistance to wetting if a washer is used. Descriptions of dust collecting 
devices are given in Chapter 33. 

Absorption of Solar Radiation 

The loss of light, particularly the absorption of solar ultraviolet light 
by smoke and soot, is recognized as a health problem in many industrial 
cities. Measurements of solar radiation in Baltimore ® by actinic methods 
demonstrated that ultraviolet light in the country was 50 per cent greater 
than in the city. In New York City ^ a loss as great as 50 per cent in 
visible light was found by the photo-electric cell method. 

ODOR NUISANCE 

A problem companionate with smoke abatement is the control of odor 
nuisance in the neighborhood of industrial plants discharging noxious 
or offensive air contaminants. Community planning and zoning will 
avoid much of the difficulty in the future, but meanwhile many industrial 
cities must resort to corrective measures by requiring the installation of 
air cleaning devices, the alteration of manufacturing processes, or by 
legal termination of the offensive operation in residential or commercid 
districts. 

The development and manufacture of more effective and economical 
air cleaning devices for application to industrial plants will make it 
possible for many industries to continue operation in their original 
locations if desired, even though the community standards of air purity 
become more rigid. To a limited extent such developments already are 
benefiting the manufacturer, his employees, and his neighbors, when 
cleaning of the air from ventilated dusty processes makes it possible 
to return the reclaimed or recovered stir to the workroom atmosphere 
instead of discharging it to the outside with its full load of contamination 
(Chapter 33). 

The control of outdoor odor nuisance is especially troublesome because 
of the extremely minute quantities of contaminant that are capable of 
offending through a wide area. New industrial chemicals with strange 
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or unfamiliar odors tend to receive much more attention from the neigh- 
borhood than the customary odors generated by well known processes 
and raw materials. Methods of odor control currently in use include 
charcoal adsorption, scrubbing towers and air washers, chlorination, 
condensation, masking, passage of the odorous air through combustion 
chambers, and best of all, substitution of less offensive materials whenever 
possible 

The control of air quality within buildings ventilated for human 
occupancy is discussed in Chapter 12. Tobacco smoke odors, cooking 
odors and body odors are air contaminants of the nuisance type which 
now command a decisive position in the standards of air quality for indoor 
comfort. However, the engineer will find, at times, that odors originating 
outside buildings in industrial or business districts may have an even 
greater bearing than indoor contamination on the kind and capacity of 
equipment he must provide for a high quality air supply installation. 

INDUSTRIAL AIR CONTAMINANTS 

Many industrial processes are sources of contaminants. Their unde- 
sirable effects are known to the public and their control is an important 
function of the ventilating or air conditioning engineer, because the 
atmosphere within buildings is the medium whereby such finely divided 
matter is dispersed and transported from the source to remote locations 
where it may cause property damage, nuisance, fire, explosion, disease 
and even death. 

Tables 3, 4 and 5 give the maximum allowable concentrations for 
industrial air contaminants as currently accepted in most sections of the 
country. They apply to exposures of 8 hours per day, and refer to the 
quantities of contaminant permissible in the workers^ breathing zone. 
Some of these figures may be altered as the result of continuous research, 
and some may differ from those in force in a few cities or states. The 
prudent engineer will design equipment using these values as the upper 
limits of air contamination, and will incorporate a reasonable margin of 
safety in his estimates of ventilation capacity. 

Information on the properties and effects, with respect to health, of 
specific industrial air contaminants has developed rapidly within the 
past decade into an extensive literature. Some of the more readily 
available publications are listed at the end of this chapter. 

FLAMMABLE GASES AND VAPORS 

Adequate ventilation is a primary requirement for eliminating or 
minimizing the hazard of fire or explosion due to gases and vapors. The 
need for good ventilation is not removed by the use of other precautions, 
such as the elimination of known i^ition sources, segregation of hazard- 
ous operations, adoption of safe building construction, and installation of 
automatic alarms. Some safety engineers regard overventilation of an 
operation employing flammable liquids as a legitimate operating charge 
for the privilege or necessity of using a dangerous process. However, it is 
not possible to apply a reasonable safety factor to the ventilation estimate 
without consideration of the concentrations of gases or vapors that ap- 
proach the danger point. Safety engineers prefer to limit the concen- 
tration to M or H of the lower explosive limit, and this fact should be 
given full weight in determining the capacity and design of ventilating 
equipment. Rarely should consideration be given to operation above 
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Table 3. Physiological Response to Gases and Vapors* 
Concentrations m Parts of Substance per Million Parts of Air (ppm) 


SUBSTAKCB 

Raptuly Fatai. 

Dangerous to Life 
IN H TO 1 Hr 

Maxxacum Allow- 
able Concentration 
FOR Daily Exposures 



2,000 

100 

1 

ArriTnonin.- _ 

5|000 

2,600 

100 

Amyl acetate - ~ — 

400 

Aniline 


200 

5 


260 

10 

1 

Benzene (benzol) 

20,000 

6,000 

lOOi* 

Bromine— — 

600 

40 

1 

Butyl acetate 


10,000 

400 

CarSon dioxide. 

100,000 

60,000 

6,000 

Carbon disulfide 

2,000 

1,000 

sob 

Cnrhnn mnnnxiHe _ 

4,000 

1,000 

100t» 

Carbon tetrachloride. 

50,000 


100<= 

Chlorine 

1,000 

id 

1 

Dicblorob^^nxene. . 



75 

Dichloroethyl ether. 

— 

600 

15 

"Kther (Hietliyl) 


86,000 

400 

Ethyl acetate 

40,000 

10,000 

400 

Ethylene dichloride 


4,000 

100 

Formaldehyrf^^ 



10b 

r^snline _ . 



1,000 




Hydrogen chloride. 

1,000 


10 

Hydrogen cyanide... 

200 

100 

20 

Hydrogen fluoride 


60 

3 

Hydrngen siilfide__ 

600 

200 

20b 

MethyT alcohol— 



200b 





Methyl bromide. 

20,000 

2,000 

60 

Methyl chloride...........—..... 

150,000 

20,000 

100 

Methylene chloride.... ......f 

500 

A/Trtnnr.hlnrfth^.nxftnft 



76 

Nitrobenzene 



6 





Nitrogen oxides — 

300 

100 

25b 

Phosgene, ... 

60 

5 

1 

Phosphine 

1,000 

400 

1 

Styren** 



400b 

Sulfur dioxide— 

400’ 

160 

10 

T etrachloroethane 

7,000 


10 

'T#*trn r*li 1 nrnAt h y1 <»n fk 



200 

Tnlnene (tolnnij 

”2aoo6' 

5,000 

200 

T richloroethylene.__ ......... 


200 

Tiirp#*ntin** 



200 

Xylene (xylol). 

Td’666’ 

6,000 

200b 


^Adapted from: Manual of Industrial Hygiene, by W. M. Gafafer et al, U S. Public Health Se^oe 
W. B. launders Co., 1943); Analytical Chemiatzy of Industrial Poisons, Hazards and Solvents, by M. B. 
lacobs finterscience Publishers, 1941); Noxious Oases, by Henderson and Haggard (Relnhold Publ i s h i n g 
N. Y., 1943) ; and other authoritative sources. 
i>Adopted by the American Standards Associaiton (American Standard Z-87). 

*60 ppm recommended by the Detroit Bureau of Industrial Hygiene. 


the upper explosive Umit in the open areas of buildings or rooms — even 
though unoccupied — ^because the danger of temporary drop of gas 
concentration to a point within the explosive range is too great. 

The ability of a flammable liquid to form explosive mixtures is de- 
termined largely by its vapor pressure, volatility, or rate of evaporation. 
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Table 4. Maximum Allowable Concentrations of Dusts, Fumes and Mists^ 


Substance 

Milligrams per Cubic 
Meter, Daily ExposuRBSb 

Arsenic; arsenir trioxifie . _ 

015C 

CaHTTiiuTTi, and rx^ropniinHs 

0 1C 

ChlnrnHiphenyls _ . 

10 

C^irornic aC-id rnist _ 

0.1 

Lead; lead carbonate; lead chloride: lead nitrate; lead 

nvidas; lead sulfate __ 

0.15C 

Manganese, and compounds 

6 0C 

Merriiry, and mmpniinds 

0.1 

Penfstchlnmnaplitlialene 

0.5 

Triehlnmnaphtlislene _ _ 

5.0 

7inr nxide fume 

15 0 



aAdapted from: Manual of Indufitrial Hygiene, by W. M. Gafafer, et al, U. S Public Health Service 
(W B Sunders Company. 1943) ; and other authoritative sources. 

bl milligram per cubic meter i* 0 44 grain per 1000 cu ft. 

^Adopted by the American Standards Association (American Standard Z-37). 


Table 5. Maximum Allowable Concentrations op Dusts^ 


Substance 

Million Particles per 
Cubic Foot of Air, 
Daily Exposures^ 

Aluminum oxide abrasive. 

15- 50 

Ashestna . 

5 

Carborundum (silicon cai'bid^) r 

15- 50 

Cement (Portland). . 

50-100 

Coal (less than 5 per cent quartz) 

50-100 

Dusts containing less than 10 per cent free silica... 

15-100 

Granite (B**rrfk), - - - - 

10- 20 

Gypsum (hydrated calcium sulfate) 

50-100 

T.-fmestone (calcium carbonate) _ __ 

50-100 

Marble (calcium carbonate)... 

50-100 


Mica. 

10- 50 

Nuisance dusts (non- toxic, non-silira) 

50-100 

Quartz (silicon dioxide) 

5 

Sand (silica, silicon dioxide) _ _ _ 

5 

Sandstone _ _ _ _ _ 

5 



Silica (free or uncombined silicon dioxide) 

Silicates (combined silicon dioxide) 

5 

15-100 

Slate _ _ 

15- 50 

Talc 

10- 60 

Total (maximum concentration for mixed dusts) 

60-100 


aAdapted from Study of Asbestosis in Asbestos Teactile Industry, U S. Public Health Service Bulletin 
No. 241, 1038; Industrial Dust, by Dr^er and Hatch (McGraw Hill Book Co , 1936) ; Industrial Code 
Bulletin No 36, New York State Department of Labor: recommendations of state and local industrial 
hygiene agendes compiled by the National Conference of Governmental Industrial Hygienists; and other 
authontative sources 

i>Indude8 only particles from 1 to 10 microns approanmately, as determined by the light field microscope 
counting technic, using the 10 X objective. Dark field counts (and the corresponding allowable concen- 
trations) are anywhere from 2 to 100 times the light field counts for the same sample, according to the 
proportion of dust smaller than 1 micron (See Industnal Dust, Chapter VII, by Drinker and Hatch, Mc- 
Graw Hill Book Co.). 


Flash point is a convenient method of expressing this property in terms 
of the temperature scale. It may be defined as the temperature to which 
a combustible liquid must be heated to produce a flash of flame when a 
small flame is passed across the surface of the liquid. The higher the 
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flash point, the more safely can the liquid be handled. Liquids with 
flash points under 70 F should be regarded as highly flammable. 

The upper and lower limits of flammability of gases and vapors, and 
the flash points of the corresponding liquids are given in Table 6. 

Methods for estimating the flammable limits of mixtures of gases oi 
vapors must be applied with caution; the reader is referred to other 
publications for this information 

Design of equipment for the control of combustible anesthetics is 
outlined in Chapter 13. Construction of equipment for handling air 
containing flammable substances, or operating in atmospheres so con- 
taminated, is discussed in Chapter 46. 

It is customary to report the concentrations of flammable gases or 
vapors in per cent by volume, or volume per cent. Comparison with 
concentrations on the part per million scale used in chemical, medical 
or industrial hygiene literature is readily made by the conversion ; 1 per 
cent = 10,000 ppm (parts of contaminant per million parts of air, or 
in other words, cubic feet of contaminant per million cubic feet of air). 
It will be noted in Table 6 that nearly all of the substances listed have 
lower explosive limits above 1.0 per cent, while the maximum allowable 
concentrations for gases and vapors in Table 3 are below 1000 ppm or 
0.1 per cent in most cases. Therefore, control of toxic or injurious 
vapors in workrooms to levels below their maximum allowable concen- 
trations for health usually requires much more effective ventilation than 
for the prevention of a fire hazard. 

COMBUSTIBLE DUSTS 

A dust explosion is essentially a sudden pressure rise caused by the 
very rapid burning of airborne dust. The primary explosion often 
originates from a small amount of dust in suspension exposed to a source 
of ignition and the pressure and vibration it creates may be sufficient to 
dislodge large accumulations of dust on horizontal ledges or surfaces pf 
the building and equipment, thereby creating a secondary explosion of 
great force. Thus the air conditioning en^’neer is involved for two reasons : 
(1) to obtain a movement of dust-laden air into exhaust hoods or openings 
and through ventilating or pneumatic conveying ducts in a manner that 
will prevent accumulation of highly flammable dust at points where it 
could ignite inside the equipment; and (2) to so design process ventilation 
as to prevent the escape of dust which might settle on horizontal surfaces 
and become a potential source of disaster at some distance from the 
dusty operations. (See Chapter 46). 

The intensity of a dust explosion depends upon: the chemical and 
thermal properties of the dust; the particle size and shape; the concen- 
tration in air; the proportion of inert dust in the air; the moisture content 
and composition of the air; the size and temperature of the ignition source; 
and the degree of dispersion of the dust cloud. Investigations on the 
explosibility of dusts require a determination of the maximum pressure 
developed during an explosion of a known air concentration, as well as 
determination of the rate of pressure rise. Investigators frequently 
experience difficulty in obtaining dust suspensions of uniform dispersion, 
and this fact must be weighed when comparing results from several 
sources 

The minimum explosive concentrations of airborne dusts already tested 
range from 0.01 to 0.5 oz per cubic foot, or 10 to 600 grams per cuj)ic 
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Table 6. Approximate Limits of Flammability of Single Gases and Vapors 
In Air at Ordinary Temperatures and Pressures » 



Lower Limit 

Upper Limit 

Closed Cup 

Gas ok Vapor 

Percent BE 

Percent by 

Flash Point 


Volume 

Volume 

F Dego 

Acetaldehyde 

4.0 


-17 

Acetone 

2.1 


0 

Acetylene^— — - 

2.5 



Allyl alcohoL 

2.4 


70 

Ammonia. ™ .. — — — 

16.0 

27.0 






Amyl alcohoL.. .. 

1.2 


91 

Amyl chloride - - — 

1.4 



Amylene.- 

1.6 




Benzene (benzol) 

1.4 


12 

Benzyl chloride. 

1.1 

— 

140 

Butane 

1.6 

8.5 

-76 

Butyl acetate 

1.7 

16.0 

72 

Riityl .. . 

1.7 


84 

___ 

1.7 

9.0 


CarSon disulhde 

1.0 

60 

-22 

Carbon monoxide- 

12.6 

74 


Crotonaldehyde 

2.1 

16 6 

55 

Cyclohexane 

1.3 

8.4 

1 

Cyr.lftprnpnn#* 

2.4 

10.3 


Decane— 1- - ~ 

0.67 

2.6 

116 

Dichloroethylene (1, 2) 

9.7 

12.8 

43 

Diethyl selenide 

2.5 



Dioxa'n.. 


22.2 

66 


3 1 

16.0 


... ^ 

Ether (diethyl)—. .. 

1.7 

48.0 

’120 

Ethyl acetate 

2.2 

IHSH 

24 

Ethyl alcohol — 

3.3 


55 

Ethyl bromide . .. 

6.7 


— « 

Ethyl cellosolve 

2.6 


104 

Ethyl chloride- 

3.6 

■££■1 

-58 

F.tbylAnp 

3.0 

34.0 


Ethylene dichloride — 

6.2 

16.9 

56 

Ethyl formate 

2.7 

16.6 

-4 

Ethyl nitritf* 

3.0 


-31 

Ethyl#»n<» nvJdp . _ _ 

3.0 

80 






Furfural (12.*5 C) . 

2.1 


140 

Gasoline — ... .. 

1.3 

6.5 


Heptane 



25 

Hexane 

1.2 

6.9 

-7 

Hydrogen cyanide 

6.6 

40.0 

0 

HyHrog‘(»n _ 

4.1 

74 


Hydrogen sulfide 

4.3 

45.6 



Illuminatinjg gae 

6.3 

31.0 

„ , — 

Iso-butyl alcohol 

1.7 



82 

I.co-ppnt-ana _ _ 

1,3 







Iso-propyl acetate 

1.8 

7.8 

43 

Iso-propyl alcohol 

Mathanpb _ _ 

2.6 

6.0 

16.0 

63 






aAdapted from Limits of Inflammability of Gases and Vapors, by H. F. Coward and G. W. Jones 
(U. S Bureau of Mmes, Bulletin No. 279, 1980); Properties of Flammable Liquids, Gases and Solids (As- 
sociated Factory Mutual Fire Ins. Cos.. January, 1940) ; and National Fire Codes for Flammable Liquids, 
Gases. Chemicals and Explosives — 1945 (.National Prouaion Association), 

>>Turbulent mixture. 

•Closed cHt refers to the equipment used in flash xioint determinations. 
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Table 6. Approximate Limits of Flammability of Single Gases and Vapors 
In Air at Ordinary Temperatures and Pressures^ (Continued) 



Lower Limit 

Upper Limit 

Closed Cup 

Gas or Vapor 

Per cent by 

Per cent by 

Flash Point 


Volume 

Volume 

F Dego 

Methyl acetate.— 

3.1 

15.6 

16 

Methyl alcohol 

6.0 

36.5 

54 

Methyl bromide™ .. . . 

13.6 

14.6 


Methyl b’lt'yl bet^n^* 

1.2 

8.0 


Methyl chlond#* 

8.0 

19.7 






Methyl cyclohexane 

1.1 


25 

M<^thyl ethyl ef'hpr 

2.0 

lO.i 

—36 

Methyl ethyl ketone 

1.8 

11.5 

30 

Methyl formate 

5.0 

22.7 

-2 

Methyl propyl ketone. 

1.6 

8.2 

— 

Nflfiiral ras 

4.8 

13.5 


Naptha fbenzine) 

1.1 

6.0 

20-45 

Naphthalene - . 

0.9 


174 

Nonane 

0.74 

2.9 

88 

Octane- — . „ 

0.84 

3.2 

56 

Paraldehyde 

1.3 



Pentane __ . 

1.4 

"“ 8.0 


Prnpane __ _ 

2.4 

9.5 


Propyl acetate 

1.8 

8.0 

“s 

Propyl alcohol 

2.5 


59 





Prnpylene A___ 

2.0 

11.1 


Propylene dichloride 

3.4 

14 5 

””59 

Prnpylene nvide_ 

2.1 

21.5 


Pyndine (70 C ) . 

1.8 

12.4 

"Is 

Toluene (toluol) 

1,3 

7.0 

40 

Turpentine 

0.8 


95 

Vinyl ether __ 

1.7 

” 27.0 


Vinyl chloride. 

4.0 

22.0 


Water gas (variable).. 

6.0 

70 


Xylene (xylol) 

1.0 

6.0 

"”63 


meter of air. Maodmum pressures generated have been reported as high 
as 600 psi, although they are more likely to be of the order of 50 psi. 
Investigations on the flammable characteristics of dusts are currently 
made at 0.1 and 0.5 oz per cubic 

ATMOSPHERIC POLLEN 

The properties of pollen grains discharged by weeds, grasses and trees 
and responsible for hay fever are of special interest to engineers who 
design equipment for their removal from indoor air (see Allergic Dis- 
orders in Chapter 13, and Air Cleaning Devices, Chapter 33). Whole 
grains and fragments transported by the air range chiefly between 10 and 
60 microns in size, but some have been measured as small as 5 microns 
and others over 100 microns in diameter. Ragweed pollen grains are 
fairly uniform in size within the range of 15 to 26 microns. 

Pollen grains can be removed from the air more readily than the parti- 
cles of dust prevalent in outdoor air and found near dusty industrial 
processes, since the latter predominate in the range of 0.1 to 10 microns 
in size. 

Most grains are quite hygroscopic and therefore vary in weight with the 
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humidity. The specific gravity of air-dried pollen is reported to vary 
from 0.4 to 1.2, and accordingly their weight will either increase or 
decrease with the addition of moisture Their shapes and surface 
designs are marvelously complex, though they tend to be spherical, 
especially when fully distended with moisture. Illustrations and data 
on individual pollen grains are available in the botanical literature 
The geographical distribution of plants known to produce hay fever is 
also recorded 

The quantity of pollen grains in the air is generally estimated by 
exposing an adhesive-coated glass plate outdoors for 24 hr and then 
counting calibrated areas under the microscope. Methods are available 
for determining the number of grains in a measured volume of air 
but their greater accuracy has not caused them to replace the more simple 
gravity sUde method used for most pollen counts. Counting technics 
vary somewhat, but the daily pollen counts reported in local newspapers 
during the hay fever season usually represent the number of grains 
found on 1.8 sq cm of a 24-hr gravity sUde, 

Hay fever sufferers may notice the first symptoms when the pollen count 
is 10 to 25, and in some localities the maximum figures for the seasonal 
peak may approach 1000 for a 24-hr period, depending upon the sampling 
and reporting methods of the laboratory. Translation of gravity counts 
by special formulas to a volumetric basis, or the number of grains per 
cubic yard or per cubic foot of air, is still uncertain because of the com- 
plexity of the modifying factors. When such information is important, 
it is best obtained directly by a volumetric instrument. The number of 
pollen grains per cubic yard of air evidently varies from 2 to 20 times 
the number found on 1 sq cm of a 24-hr gravity slide, depending on grain 
diameter, shape, specific gravity, wind velocity, humidity and physical 
placement of the collecting plate 

AIRBORNE BACTERIA 

Study of the occurence and significance of micro-organisms in the 
atmospheres of the indoor world is currently absorbing the energies 
of a substantial number of physicians, bacteriologists, aerobiologists, 
physicists, public health workers, engineers and hospital personnel. Some 
data are available on the types and quantities of bacteria found in a 
variety of occupied and unoccupied spaces, but it is not possible at 
present to use this information as a conclusive index of the potential 
health hazard of a given environment. The number of airborne organisms 
may vary from 1 to 1000 per cubic foot of air, depending on the method 
of testing Many are attached to the dust particles which also inhabit 
the air. 

Where it seems advisable or desirable to control the bacterial content 
of rooms, public conveyances or buildings, highly effective metliods are 
available (see Chapter 13), and their extended use may do much to assist 
the workers in this field in accumulating the necessary mass of evidence 
that will decide the practical value of air sterilization for the control of 
communicable disease. It is now well established that ultraviolet radia- 
tion is commercially feasible for the protection or preservation of phar- 
maceuticals, cosmetics, and food products. 
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TeznperaiUTe MeasuTetnent, Pressure Measurement, Measurement 
of Air Movement, Air Change Measurements, Measurement of 
Relative Humidity, Dust Determination, Heat Transfer Through 
Building Materials, Measurement of Heat Exchange for Comfort 
Conditions, Combustion Analysis, Smoke Density Measurements 


T his chapter presents a description of many test instruments used 
for heating, ventilating and air conditioning tests and presents a 
discussion of their use. 

TEMPERATURE MEASUREMENT 

Changes in the intensity of heat may be determined by several methods ^ 
such as measuring the change in volume of a liquid, the change in internal 
pressure of a confined gas, the current set up between dissimilar metals 
joined in a circuit, or the change in resistance of an electrical circuit. 

Thermometers 

The most common method used is the change in volume of a liquid 
such as mercury or alcohol enclosed in glass. Mercurial thermometers 
may be used for measuring temperatures from — 40 F to approximately 
1000 F. The lower limit is set by the freezing point of mercury. Since 
the boiling point of mercury is only about 675 F, the space above the 
mercury in thermometers designed for higher temperatures must be filled 
with an inert gas under pressure. Alcohol thermometers may be used 
for temperatures from — 94 F to +248 F. 

The more accurate thermometers have divisions etched on the stem 
and are preferred for test purposes due to their low heat capacity. During 
their manufacture, the freezing and boiling points of water are first 
marked while the thermometer is immersed in a test bath. The required 
divisions between these points, whether Centigrade or Fahrenheit, 
are then marked and etched on the stem. In spite of these precautions 
the probable error in etched stem thermometers is plus or minus one 
scale division, which makes calibration after manufacture necessary for 
most test work. Such thermometers are usually calibrated for complete 
stem immersion. 

When incompletely immersed, a stem correction should be made. At 
ordinary atmospheric temperatures the correction is negligibly small, 
but it usually is important when measuring high temperatures such as 
those of steam and flue gas. The emergent stem correction may be 
calculated by the equation: 

^ « 0.00009 D 01 - ti) (1) 

where 

K ■■ correction to be added, Fahrenheit degrees 

D » number of degrees on the thermometer scale which are not immersed. 

^1 B temperature indicated on the thermometer, Fahrenheit d^ees. 
h temperature of the non-immersed mercury colunm, Fahrenheit degrees. 
0.00009 — difference in the coefficient of expansion of the mercury and glass. 

m 



186 


CHAPTER 11 


1947 Guide 


Since the b^b has considerable area, radiant energy may afifect tem- 
perature readings*. In measuring room temperatures, care must be 
taken to locate tiiermometers away from hot surfaces, such as radiators, 
or cold surfaces, such as walls or windows. Where this is impracticable, 
bright, polished shields should be used to screen the bulb from the radiant 
energy. 

Errors may also be avoided : (a) by allowing the thermometer time 
to reach equilibrium, (i) by providing sufficient circulation to give a true 
avers^e temperature of the medium observed, and (c) by reading with 
the eye at the same level as the top of the liquid, i.e., avoiding parallax. 

Two types of industrial thermometers for permanent installation in 
ducts or pipes are shown in Fig. 1, and consist of a glass thermometer 
protected by a metal case. The better grades have metal scales made 
specially for each instrument. These are ruled in the same manner as 



described for etched stem thermometers. Due to the heat capacity and 
heat conductance of the jacket, it is more difficult to obtain the true 
temperature at a point with these than with the exposed etched stem 
t3q)e. The latter is usually preferred for test purposes. 

Thermometw Wells 

Where temperatures of fluids or gases in vessels or conduits are to be 
measured, it is often necessary to resort to thermometer wells. These 
are especially designed to contain thermometers and thermocouples. 
Since they separate the temperature sensitive element from the medium 
to be observed, large errors may result from their improper use *. These 
errors may be due both to poor heat transfer from the wall of the well to 
the sensitive element, and also to the tendency of heat to travel eilong the 
length of the well itself. To improve heat transfer in the case of ther- 
mometers, the void should be filled with a liquid of minimum practical 
viscosity. At the well mouth, the stem should be packed to check evapor- 
ation and heat transfer to the atmosphere. To reduce the temperature 
gradient over the length of the well, the wall of the conduit should be 
carefully insulated in the area surrounding the observation point. 
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Thermocouples 

^ When two dissimilar metals are joined at two points and a temperature 
difference exists between these junctions, an electromotive force is 
developed.^ By maintaining the cold junction at a constant temperature 
(or providing equivalent electrical compensation), the magnitude of the 
electromotive^ force developed is a direct measure of the temperature 
of the warm junction. By proper selection of metals, any temperature 
up to 2900 F may be measured. Readings are obtained by means of a 
potentiometer or sensitive galvanometer which may be calibrated in 
degrees. If a potentiometer is used, there is no current flowing through 
the thermocouple wires at the time of measurement and therefore the 
resistence of the thermocouple circuit does not affect the accuracy of the 
reading. If a galvanometer is used instead of a potentiometer, the 
instrument is usually built with a high internal resistance to minimize 
the effect of the resistance of the thermocouple circuit and, also, special 



Fig. 2. Basic Circuit and Connections for Thermocouple and Potentiometer 


lead wires of known resistance are used to connect the galvanometer to 
the thermocouples. The basic potentiometer circuits are shown in Fig. 2. 
The thermocouple leads A-B are so connected that their polarity opposes 
that of battery C. If the position of E on the graduated slide wire rheo- 
stat DF is adjusted until galvanometer G shows no current flowing, 
resistance DE will indicate directly the voltage generated by the thermo- 
couple. In order to correct for variations in voltage from battery C, 
switch S is momentarily thrown over to the standard cell circuit and 
rheostat R is then adjusted so that the galvanometer shows zero current. 
Battery C then exerts the known voltage of the standard cell at DH. 

Calibration of thermocouples for high temperatures may be made 
against known melting points of metals. Radiation effects may be 
minimized by using the smallest size of wires consistent with mechanical 
strength. The use of small wires also makes the thermocouple sensitive 
to minute fluctuations in temperature. Wires of No. 33 B & S gage are 
small enough to be sensitive and to minimize radiation effects while 
still rugged enough for many purposes. By the use of thermocouples, 
temperatures at remote points may be indicated or recorded on con- 
veniently located instruments; average temperature may be readily 
obtained by connecting several couples in parallel or in series; and tern- 
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peratures may be obtained within thin materials, narrow spaces, or 
otherwise inaccessible locations. 

Thermocouples in series with every alternate junction maintained at 
a common temperature will give an emf which, divided by the number 
of couples to give the average emf ^ per couple, may be used to find the 
average temperature. 

Thermocouples in parallel having the similar metals of a number of 
couples connected together and run to a common cold junction will cause 
an indication on a potentiometer which is the true emf only if the electrical 
resistances of the parallel junctions are the same 

The temperature of the surface is at best difficult to obtain accurately 
The thermocouple is most readily adaptable for this purpose. In a 
metal surface, a common method is to peen the couple into a small 
drilled hole, bearing in mind that the temperature indicated is that 
existing at the last point of junction in the couple. Other methods involve 



Fig. 3. Tykcal Resistance Thermometer Circuit and Connections 

fastening the couple to the surface with adhesive cellophane, or cementing 
the couple with litharge in a surface scratch, and grinding it flush with the 
surface. Wires may also be fastened to the surface by brazing, care being 
taken to add as little extra metal as possible. This is a useful method for 
obtaining the temperature of cast-iron heating surfaces. 

In any of these methods the leads should be of as fine wire as practicable, 
since conductance along the leads to the couple may be a source of 
considerable error. 

Resistance thermometers depend for their operation upon the change of 
resistance of metal with change in temperature. Their use largely 
parallels that of thermocouples, although readings tend to be unstable 
above 950 F. Two-lead temperature elements are not recommended, 
since they do not permit correction for lead resistance. Three leads to 
each resistor are necessary to obtain consistent readings. 

A typical circuit used by several manufacturers is shown in Fig. 3. 
In this desi^ a differential galvanometer is used, in which coils L and H 
exert opposing forces on the indicating needle. Coil L is in series with 
the thermometer resistance AB, and coil H is in series with the constant 
resistance R. As the temperature falls, the resistance of AB decreases 
allowing more current to flow through coil L than through coil H. This 
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causes an increase in the force exerted by coil L, pulling the needle down 
to a lower reading. Likewise, as the temperature rises the resistance of 
AB increases, causing less current to flow through coil L than through 
coil H. This forces the indicating needle to a higher reading. Rheostat 
S must be adjusted occasionally to maintain a constant flow of current. 

Instruments of this type are frequently connected through a selector 
switch to a number of thermal resistor elements and used to indicate 
temperatures in remote locations in large buildings. The direct reading 
feature is advantageous in this case. 

PTrometers 

For measuring high temperatures, such as in furnaces, pyrometers are 
often used. Radiation pyrometers concentrate the radiant energy on a 
thermopile, and the reading is obtained on a galvanometer or potentio- 
meter. Optical pyrometers require visual matching of a narrow spectral 
band, usually red, emitted by the object with that from a standard 
electric lamp. 


PRESSURE MEASUREMENT 

Barometer 

The most accurate barometer for determining the atmospheric pressure 
is the mercurial type, consisting of a tube over 30 in. long closed at the 
top and standing in a mercury well. The barometric pressure is expressed 
as the height of the mercury column above the level of the mercury in the 
well. Sudi barometers are equipped with an adjustment to compensate 
for change in level of mercury in the well. The reading should be taken 
at the top of the meniscus and is obtained on a Vernier scale. 

Correction for variation of the density of the mercury column and for 
expansion of the brass scale, which are usually calibrated for 32 F mercury 
and 62 F scale temperature, should be made by subtracting from the 
observed height in inches the value of C determined by Equation 2. 

^ hO-- 28 . 630 ) 

^ ( 1 . 1123 1 - 10978 ) ^ ^ 

where 

C — correction to be subtracted, inches of mercury. 

h =“ observed height, inches of mercury. 

t » observed temperature of the barometer, Fahrenheit degrees. 

Standard atmospheric pressure at sea level is 29.921 in. Hg. Since 
normal atmospheric pressure decreases about 0.01 in. Hg for each 10 ft 
increase in elevation, it is important to make a correction if the elevation 
of the barometer is not that of the test apparatus. In many cases the 
barometric reading may be obtained from a nearby Weather Bureau 
Station, in which case inquiry should be made as to whether the value is 
as observed or corrected to sea level. 

Atmospheric pressure may also be measured by an aneroid barometer 
which is easily portable. In this type, variations in atmospheric pressure 
bend the thin surface of a sealed box or tube. The aneroid type is not 
as accurate as the mercurial and needs frequent calibration. Most of the 
pressure gages used in engineering work indicate the difference between 
the pressure being measured and the atmospheric pressure. Such pres- 
sures are called gage pressures. Absolute pressure may be obtained by 
adding barometric pressure and gage pressure algebraically. 
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Pressure Gages 

The Bourdon type gage is a widely used device for measuring pressures. 
The Bourdon tube is elliptical in cross-section and circular in form, and 
is connected by suitable linkage to a pointer which moves over a dial. 
An increase in pressure tends to straighten the tube and a decrease has 
the opposite effect. When used with high temperature steam, the tube 
must be protected by a water seal. When used with ammonia it must 
be made of steel or other material not attacked by this substance. When 
used for sub-atmospheric pressure, the gage is known as a vacuum gage, 
and is usually graduated in inches of mercury. For pressures above 
atmospheric, it is termed a pressure gage and is graduated in pounds 
per square inch. Some are made to read in both directions and are termed 
compound gages. Calibration is usually made by means of a dead weight 
tester, consisting of a platform and weights resting on a piston floating 
on oil. The pressure at all points in the fluid is determined from the 
area of the piston and the total weight resting on the oil. Adjustments 
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Fig, 4. Inclined Draft Gage 


are provided in the gage linkage to make necessary corrections. A cor- 
rection chart may be used for accurate work. 

Manometers 

For comparatively low gage pressures or differences in pressure between 
two points in a duct system, the vertical U tube is a simple and accurate 
gage and is often used for test work with various fluids such as mercury, 
water, kerosene, or alcohol. Readings may be in inches of any of these 
fluids. 

For measuring pressure differences of a few inches of water, or less, 
TJ gages are often set at an angle for scale amplification. In commercial 
gages of this type, commonly termed draft gages^ only one tube of small 
bore is used and the other leg is replaced by a reservoir. Although the 
scale is calibrated to read in inches of water, a fluid having the density 
and characteristics of kerosene is often used. It is necessary, in such a 
gage, to use a fluid having the same gravity as that for which the gage 
was originally calibrated, or to apply a correction if another fluid is used. 
Such gages may be checked one against another to detect errors in 
gravity of fluid. For more accurate calibration the gage may be checked 
against a micromanometer or a calibrating device known as a hook gage 
The accuracy of a draft gage is dependent on the slope of the tubes and 
consequently the base of the gage must be leveled carefully. It is not 
desirable to use a slope of less than 1 in 10. 

The better grades of inclined draft gages are equipped as shown in 
Fig. 4. This includes a built-in level and leveling adjustment, a means 
of adjusting the scale to zero, and three-way vent cock connectors for 
checking purposes. 
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For measuring low pressure differences to within 0.001 in. of water very 
sensitive micromanometers are available, such as the Illinois or Wahlen, 
the Askamia, and the Emswiler ®. Calibration of these is impossible, 
and readings are converted to pressure units by fundamental calculations 
involving the specific gravity of the fluids used and the design principles 
involved. 

Static Holes and Tubes 

In the case of low pressure air flow, the type of pressure opening used 
and its location are quite as important as the accuracy of the gage to 



which it is connected. Where velocities are low, as in certain plenum 
chambers, or where flow is free of large eddies and parallel to the walls 
of the conduit; a carefully drilled opening cleared of burrs and at right 
angles to the stream will give accurate readings^®. The drilled depth 
of this hole through the wall should be at least two diameters. A second 
method less likely to involve error is the use of the static pressure element 
of a Pitot tube shown in Fig. 5. A static tube of the same general design 
as the Pitot may also be used, omitting the center ^be. In using this 
instrument it shpuld be pointed upstream, avoiding impact or eddies. 

MEASUREMENT OF AIR MOVEMENT 

The problem of measuring air movement may be divided into three 
main parts: air confined in ducts, air circulating in free spaces, and air 
entering or leaving such space through openings such as grilles. Other 
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gases may be measured by the same methods, but emphasis here is on 
air measurements 

For determining the velocity, and therefore the volume of air flowing 
in a duct, the Standard Pitot Tube ’’ shown in Fig. 6 is probably most 
often used. When connected as illustrated, this instrument will give 
readings of both static and velocity pressure directly. From the latter 
the air velocity may be foimd from tables, or calculated from the fol- 
lowing relation : 

V - 1096.5 (3) 

where 

V « velocity, feet per minute. 

hv =* velocity pressure, inches of water. 

d ■■ density of air, pounds per cubic foot. 

Air flow in a duct is seldom uniform. In general the velocity is lowest 
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Fig. 6. Pitot Tube Traverse for Round and Rectangular Ducts 


near the edges or corners, and greatest at or near the center. For this 
reason a large number of readings should be taken in the manner shown in 
Fig. 6. In tiie case of round ducts not less than 20 should be taken along 
two diameters at centers of equal annular areas. In rectangular ducts 
the readings should be taken in the center of equal areas over the cross- 
section of the duct. The number of spaces should not be less than 16 and 
need not be more than 64. When less than 64 are taken the number of 
equal spaces should be such that the centers of the areas are not more 
than 6 in. apart. 

In determining the average velocity in the duct from the readings 
given, the calculated individual velocities or the square roots of the 
velocity heads must be averaged. It is incorrect to use the average 
velocity head for this purpose. 

For small pipes it is sometimes necessary to construct a Pitot tube 
smaller than the standard size. Such a small Pitot tube should be geo- 
metrically similar to the standard tube. Pulsating or disturbed flow will 
give erroneous results and every effort should be made to remove dis- 
turbances in the Pitot tube section. 
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The velocities used in many ducts sxe too low for measurement by 
means of pressure gages and it therefore becomes necessary to resort to 
other types of instruments. 

Many forms of Pitot tubes other than the one described have been used 
and calibrated A double-ended tube one end pointing down-stream, 
and one up-stream, is sometimes used for low velocities, but it should be 
carefully calibrated for accurate results. A special form of this tube 
design consists^ of two straight 3^ in. tubes soldered together, closed at 
the end, and with a 0.04 in. hole in each tube opposite the line of contact. 
This tube is useful in exploring velocities on exhaust inlets, such as on 
hoods placed around grinding wheels. 

The rounded approach orifice or nozzle of the general type described 
in the A.S.H. V.E. Unit Heater and Unit Ventilator “ Codes is an accurate 
air measuring device. When it is well made, the coefficient closely ap- 
proaches unity. The discharge from such a nozzle is uniform “ and 
provides a good location for calibration of air velocity instruments^. 

The Venturi meter is like the nozzle except for the addition of a down- 
stream transition section that reduces the pressure drop through the 
measuring apparatus. 

The thin-plate square-edged orifice has a coefficient of approximately 
0.60. The exact value depends on the location of the connections, the 
pressure drop, the diameter ratio of orifice to pipe, and the sharpness 
of the edge 

Another method of air measurement uses the thermal electric principle 
where, by means of a measured amount of current, heat is put into the 
air stream. The weight of air flowing is calculated from the heat equiva- 
lent of the electrical input and the temperature rise of the air. Heat 
should be applied uniformly to the mass of air passing, and the small 
temperature rise must be determined accurately. 

In certain applications the air velocity through a duct, heater coil, or 
heating unit may be most conveniently obtained by computation from 
the heat given up by the coil and the temperature rise (measured by 
thermocouples) of the air passing through. It is essential to have a 
uniform flow over the entire inlet and outlet of the heater at the plane 
of temperature measurement. 

Air Currents in Free Spaces 

One of the instruments useful in determining tihe velocity of air cur- 
rents in free spaces is the Kata-thermometer. It is essentially an alcohol 
thermometer with a large bulb. The stem has two marks, one corre- 
sponding to 96 F, and the other 100 F. The instrument is heated above 
100 F and then tlxe time in seconds required for it to cool from 100 to 96 
when located in the air current gives a measure of the non-directional 
velocity. It is important to have the Kata-thermometer dry before 
taking the reading. Each Kata has its own factor etched on the stem, 
and this factor must be used with its cooling formula or chart for obtain- 
ing the velocity. The Kata-thermometer is useful in exploring ventilated 
spaces to determine whether the proper air movement and distribution 
are being maintained. It is also used in determining the cooling power 
of the atmosphere, since it loses heat by radiation and convection when 
dry, and by radiation, convection, and evaporation when the bulb is 
equipped with a wetted cloth covering 

Another instrument for measuring low velocity air currents is the 
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heated thermometer anemometer This consists of a mercurial glass 
thermometer with a resistance winding on the bulb. Current is supplied 
from an external source in a measured amount. The difference between 
the temperature of this heated thermometer and that of an ordinary 
thermometer at the same location, together with the current supplied, 
makes it possible to calculatethenon-directional velocity of the air stream. 

The heated thermocouple anemometer employs a thermocouple instead 
of a thermometer^^. 

Another instrument is the hot wire anemometer which has been made in 
several patterns. In general, a measured current is supplied to raise the 
temperature of a fine bare wire above the temperature of the surrounding 
air. With the use of a very fine wire, minute fluctuations in velocity 
may be measured, and the area exposed to radiant exchange with heated 
or cooled surfaces is at a minimum. This instrument is easily adapted to 
remote reading or recording. A group of them may be connected together 
to give the average velocity in a space, or the velocity at individual points 
within a test space, by suitable switching arrangements 

Deflecting Vane Anemometer 

The deflecting vane anemometer consists of a pivoted vane enclosed 
in a case, against which air exerts a pressure as it passes through the 
instrument from an up-stream to a down-stream opening. The move- 
ment of the vane is resisted by a hair spring and a damping magnet. 
The instrument gives instantaneous readings of directional velocities on 
an indicating scale. When used in fluctuating velocities, it is necessary 
to average visually the swings of the needle to obtain average velocities. 
This instrument is very useful for studying mixing of air in a room^ and 
in locating md measuring peak velocities that may be objectionable. 
Various attachments are available, such as the double tube arrangement 
for obtaining velocities in ducts, and a device for measuring static pres- 
sures. Each instrument and the attachments for it must receive individual 
calibration. 

Propeller or Revolving Vane Anemometer 

The propeller or revolving vane anemometer consists of a light re- 
volving wheel connected through a gear train to a set of recording dials 
that read the linear feet of air passing in a measured length of time. It is 
made in various sizes, 3 in., 4 in., and 6 in. being most common. Each 
instrument requires individual calibration. At low velocities the friction 
drag of the mechanism is considerable. In order to compensate for this, 
a gear train that overspeeds is commonly used. For this reason the 
correction is often additive at the lower range and subtractive at the 
upper range with the least correction in the middle range of velocities. 
Most of these are not sensitive enough for use below 200 fpm. 

Measurement of Velocities at Inlets and Outlets of Ducts 

In the field it is often desirable to make volume measurements at the 
face of the supply openings. It is rare to have access to the interior of 
duct sections where the flow is suflSciently uniform for measurement. 
For accuracy the instrument and its application should be checked on a 
similar approach and grille in the laboratory before use in the field. 

Tests have shown that the propeller type memometer can be used 
successfully on most of the common types of supply grilles The core 
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area is divided into equal squares, and the anemometer is held against the 
face of the grille for the same length of time in each. To get the air 
volume in cubic feet per minute, the average corrected velocity in feet per 
minute thus obtained is multiplied by the average of the gross and net 
free area of the grille (core) in square feet. 

On exhaust openings, the anemometer traverse is made as described 
previously. The air volume may be determined by multipl 5 dng the 
corrected velocity in feet per minute by the gross core area of the grille 
in square feet and by a coefficient for average conditions of 0.86 

When a propeller type anemometer is held in a stream of varying 
velocities, it tends to indicate higher than the true average, that is, the 
speed of the propeller is nearer to the top velocity in its area than it is to 
the minimum velocity. This is the main reaison for the large difference 
in ratings of unit ventilators by the anemometer method and by air 
volume measurements in a duct approach to the inlet 

Any of the other anemometers described can be used within their 
range at the face of supply grilles when properly applied. In principle 
it is a case of finding the velocity at many points and using the average 
thus found with the correct discharge area at that cross-section. The 
deflecting vane anemometer equipped with a jet on the end of a rubber 
tube has been found especially convenient and accurate on supply grilles^. 
On modem air conditioning ^lles the core area is used without a cor- 
rection coefficient when the jet is held one inch away from the face of 
the grille. At this distance the constriction due to the thin bars has 
disappeared since the small air jets have reunited, and the air stream has 
not yet spread beyond the core dimensions. With deflecting grilles the 
exploring jet should be turned to the angle giving a maximum reading. 
With suitable traversing tips and calibration, this instrument may also 
be used on exhaust grilles if proper grille factors are applied 

While hardly a quantitative instrument, smoke is very useful in 
studying air streams and currents. The application of a more accurate 
instrament is often made more exact by a preliminary exploration with 
smoke. A mixture of potassium chlorate and powdered sugar in equal 
portions gives a very satisfactory non-irritating smoke. It is fired by a 
match, and since considerable heat is evolved, it should be placed in a 
pan away from inflammable objects. 

AIR CHANGE MEASUREMENTS 

Atmospheric air contains a certain amount of carbon dioxide. ^ Its 
concentration is increased within enclosures by the carbon dioxide given 
off by occupants. The total air change through open windows, infillxa- 
tion, and mechanical ventilation, may be measured by the carbon dioxide 
concentration but absorption of CO2 by walls and other materials may 
introduce errors and consequently some investigators prefer hydrogen 
to CO 2 for such tests. Since occupants also give off moisture, the increase 
in humidity may also be used as an index of ventilation within a space. 
Usually more direct methods of measuring air supply and air distribution 
are in favor. 


MEASUREMENT OF RELATIVE HUMmiTY 

Wet- and dry-billb mercurial thermometers are usually used to deter- 
mine relative humidity. The sling psychrometer is a common mounting 
of the thermometers to permit swinging. The wet-bulb wick and water 




196 


CHAPTER 11 


1947 Guide 


for wetting it must be clean, and the temperature of the water should 
preferably be slightly above the wet-bulb temperature. An air stream 
velocity of 900 fpm is recommended, although higher velocities will 
result in greater accuracy This velocity is obtained with the sling 
psychrometer by whirling it rapidly, followed by reading the wet-bulb 
thermometer quickly before its indication changes. Owing to the human 
element involved in this method, more accurate results are obtained with 
types of psychrometers in which air is drawn over the thermometers 
by a fan, or by a bulb operated aspirator. In ducts, the air flow itself 
gives the proper evaporating conditions. Several observations should 
be made until the minimum temperature is reached. Relative humidity 
may be obtained from tables or psychrometric charts ®®. Although it is 
common practice to use the charts which are based on a barometric 
pressure of 29.92 in. Hg, a correction for barometric pressure is necessary 
for extreme accuracy. This correction is made by multiplying the relative 
humidity as determined from the chart by the ratio of the observed 
barometric pressure and the standard barometric pressure. 

For temperatures below 32 F, the water on the wick is allowed to 
freeze, during which time the temperature will drop below the true wet- 
bulb. A thin film of ice is more desirable than a thick one, and it is 
satisfactory to remove the wick and freeze a thin film directly on the 
bulb. Care must be taken to read the temperatures accurately due to the 
slight wet-bulb depressions. Tables for ice conditions must be used 

Dew-point apparatus for humidity measurements consists of a polished 
plated container cooled by the evaporation of a volatile liquid within. 
The temperature at which the first slight water vapor forms on the polished 
surface is the dew-point. If the temperature is below 32 F, the deposit 
will appear as frost. Another method of determining humidity is by 
chemical means in which the water vapor is removed by a drying agent 
and weighed on a chemical balance. A thermal conductivity method is 
available for temperatures above 212 F or for extremely low humidities 

DUST DETERMINATION 

The measurement of dust is complicated by the many kinds involved. 
Some of the collecting methods are impingement on viscous surfaces, 
impingement at high velocity under water, collection on porous crucibles 
or filter paper through which air passes, and electric precipitation. Deter- 
mination may be by direct weighing of samples or by microscopic count- 
ing. A commonly used method employs the Smith-Greenburg impinger 
which collects samples in water or alcohol and in which particles are 
counted under a microscope in various cells such as the Hatch or Dunn 
cells. Another method employs the Lewis sampling tube with the 
analytical determination of the increase in weight of a porous crucible. 
All reports should state the method of sampling and counting. The 
A.S.H.V.E. Code for Testing and Rating Air Cleaning Devices Used in 
General Ventilation Work specifies the porous crucible method 

HEAT TBANSFER THROUGH BUILDING MATERIALS 

The A.S.H.V.E. Standard Test Code for Heat Transmission Through 
Walls describes the construction and use of the guarded hot box for 
determining over-all heat transmission coefficients of built-up sections 
including surface resistances. This apparatus consists of inner and outer 
insulated boxes, each having one open side which is sealed tightly against 
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the wall specimen to be tested. The outer box serves as a guard and a 
zero temperature difference is maintained between the inner box and 
the air space separating it from the outer box. Electric heaters are 
provided to maintain any desired temperature within the boxes while 
at the same time the outer surface of the wall specimen is subjected 
to a low temperature. A common method of applying this low tempera- 
ture is to fit the specimen into an opening in the wall of a refrigerated 
room. The air temperature difference between the two sides of the 
specimen, and the rate of heat input to the guarded hot box are 
measured, from which data an over-all heat flow coefficient can be 
calculated. 

The Nicholls heat meter is very useful for determining the heat flow 
through walls of buildings This apparatus consists of a guarded plate 
on both sides of which are mounted a series of thermocouples. The plate 
is calibrated so that the rate of heat flow through it can be determined by 
observing the temperature difference between the two surfaces. In use, 
the meter is clamped tightly against the surface of the wall in question, 
and readings of heat flow of accuracy sufficient for many test purposes 
may be obtained. 

In June 1942, the A.S.H.V.E. adopted a standard test procedure for 
determining the conductivity of materials by use of the guarded hot 
plate This method is adapted to homogeneous materials, and con- 
ductivities obtained do not include surface coefficients. The method 
involved is one in which two identical samples are arranged one on each 
side of a heated plate having a guard and a central test section. The re- 
sulting sandwich is placed between cold plates. In operation the same 
temperature is maintained in the guard section and test section of the 
heated plate and a lower temperature is maintained in each of the cold 
plates from a common source of cold water. Thermal conductivity is 
determined by measuring the amount of heat supplied to the center or 
guarded portion of the hot plate, the temperatures at the hot and cold 
surfaces and the thickness of the specimen. The apparatus requires 
careful, precise construction and its operation requires care and skill. 
The actual design of basic types of hot plates is described in an A.S.T.M, 
publication 

MEASUREMENT OF HEAT EXCHANGE FOR COMFORT CONDITIONS 

Several instruments have been devised to measure the effect of various 
factors as tihey relate to the’comfort of the body The principal ones are 
the Kata-thermometer, Dufton’s eupatheoscope, Vernon’s globe ther- 
mometer, Winslow and Greenburg’s thermo-integrator, and Yaglou’s 
heated globe"* These instruments were designed to obtain a quanti- 
tative measurement of the thermal exchange between the human body 
and its environment. 


COMBUSTION ANALYSIS 

The analysis of flue gases to determine completeness and efficiency of 
combustion is usually made chemically with an Orsat apparatus. This 
consists of a measuring burette, a leveling bottle, and three pipettes. 
Carbon dioxide is absorbed in the first pipette by potassium hydroxide, 
oxygen in tihe second by potassium pyrogallate, and carbon monopdde in 
the third by cuprous chloride. A known volume of gas is drawn in, and 
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after each of the three absorptions the reduced volume is again measured 
in the burette. Pressure and temperature of the gas sample are kept 
constant while measuring. Several passes are made through each pipette 
which contains tubes or glass beads to increase the wetted surface. It is 
essential that each reaction be completed before the next reaction is 
started. Since the life of the reagents is limited, it is well to keep a record 
of the number of seimples tested. Care is needed in operation to prevent 
the pulling of reagents out of the pipettes into the capillap^ tubing and 
burette. Many types of recording gas analyzers are available and are 
usually found in the larger boiler plants. 

Carbon Monoxide Measurement 

A method of analyzing for low carbon monoxide concentrations com- 
pletes the oxidation of the carbon monoxide in a known volume of 
sample, in the presence of a catalyst. The heat resulting is measured by 
a thermocouple calibrated in parts per 10,000 of carbon monoxide", 

SMOKE DENSITY MEASUREMENTS 

Smoke density may be judged by assigning to it the number of the 
Ringelmann Smoke Chart which appears to have the same color when 


Table 1. Ringelmann Smoke Chart SPAaNcs 


Number 

OF Card 

Thickness of 

Lines, mm 

Distance in Clear 

Between Lines, mm 

1 

1.0 

9.0 

2 

2.3 

7.7 

3 

3.7 

6.3 

4 

5.6 

4.5 


observed at a distance of 60 ft. The charts are numbered 1 to 4 and are 
made of black lines cross-ruled on white as given in Table 1. 

Apparatus using the photo-electric cell has been devised for recording 
smoke densities in large plants. 
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G. L. Tuve. G. B. Pnester and D K. Wright, Jr (A S H.V.E. Transactions, Vol. 48, 1942, p. 241). 
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•8— Measuring Air Flow, by G. L. Tuve (Heating, Piping and Air Conditioning, December, 1941) 
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actions, August, 1937, p. 528). 

38 — Gas Analysis by Measurement of Thermal Conductivity, by H. A. Daynes (Cambridge Press, 1933). 



CHAPTER 11 


1947 Guide 


200 


as— Testins and Rating of Air Cleaning Devices Used for General Ventilation Work, by S. R Lewis 
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Reichddmer, G. L. Tuve and C. P. Yaglou (A.S.H.V.E. JoxmNAL Section, Heattng, Piping and Atr 
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Cheixiical Vitiation of Air, Physical Impurities in Air, Thermal 
Interchanges Between the Body and Its Environment, High 
Temperature Hazards, Acclimatization, Upper Limits of Heat 
for Men at Work, Application of Physiologic Principles to 
Air Conditioning Problems, Effective Temperature Indez. 
and Comfort Zones 

V ENTILATION is defined in part as the process of supplying air to^ 
or removing air from^ any space by natural or mechanical means. 
The word in itself implies quantity, but air must be of the proper quality 
also. The term air conditioning in its broadest sense implies control of 
any or all of the physical or chemical qualities of the air. When applied 
to comfort air conditioning, however, the A.S.H.V.E. Code of Minimum 
Requirements for Comfort Air Conditioning ^ defines it “as the process by 
which simultaneously the temperature, moisture content, movement and 
quality of the air in enclosed spaces intended for human occupancy may 
be maintained within required limits. If an installation cannot perform 
all of these functions, it shall be designated by a name that describes only 
the function or functions performed.” 

CHEMICAL VITIATION OF AIR 

People living indoors bring about certain physical and chemical changes 
in the air about them. Organic matter which is usually perceived as 
odors comes from the body or clothes. Moisture and heat are given off 
by the body. The oxygen content of the air diminishes and the carbon 
dioxide increases, but these changes are too slight to be significant except 
in air tight spaces as in submarines. There is no evidence of any toxic 
volatile material given off by man to the ambient air. Stale air may be 
offensive because of odors and may induce loss of appetite and loss of 
energy. Objectionable body odors have the same effects. These reasons, 
wheSier esthetic or physiological, usually make it desirable in the design 
of air conditioning systems to provide for the elimination or control of 
odors arising from occupancy, cooking, or other sources. This may be 
accomplished by introducing odor-free air in sufficient quantities to 
reduce odor concentrations by dilution to a level which is not objection- 
able. Odor-free air may be outdoor air or air which has been cleared of 
odors by sorption, washing, or other appropriate means. 

In the case of vitiation by a few hazardous gases such as carbon mon- 
oxide from heating, cooking, and certain industrial processes, no satis- 
factory chemical treatment for the elimination of the impurity has been 
found. The only really satisfactory solution is elimination at the source 
by local exhaust ventilation; or, if this is impossible, reduction to a safe 
concentration by dilution. (See Chapter 10.) In the case of contami- 
nation by other matter, including volatile vapors and gases, chemical 
treatment for the removal or reduction of the impurities has been made 
available through air cleaning methods, which are discussed in Chapter 33 
on Air Cleaning Devices. 

When the only source of contamination is the human occupant, the 
minimum quantity of outdoor air needed appears to be that required 
to remove objectionable body odors, or tobacco smoke. The concen- 
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tration of body odor in a room, in turn, depends upon a number of factors, 
including the dietary and hygienic habits of the occupants (frequently 
reflecting their socio-economic status), the outdoor air supply, air space 
allowed per person, odor adsorbing capacity of air conditioning processes, 
and temperature and relative humidity. Perception of odor has been 
found to vary as the logarithmic function of the odor intensity, or in- 
versely with the logarithmic function of the amount of outdoor air 
supplied and the air space per person. 

The relation between air supply and occupancy has been reported by 
the Harvard School of Public Health ^ and the A.S.H.V.E. Research 
Laboratory The findings from the Harvard study are given in Table 1. 
Outdoor air requirements for removal of objectionable tobacco smoke 
odors are not accurately known but available information and current 
practice indicate the need of 15 cfm per person or more \ . 

The total quantity of outside air to be circulated through an enclosure 
is often governed chiefly by physical considerations for controlling tem- 
perature, air distribution, and air velocity. Other factors which must be 
taken into consideration include the type and usage of the building, 
locality, climate, height of rooms, floor area, window area, extent of 
occupancy, and the operation of the system distributing the air supply. 
Frequently, some of these factors, particularly the need for air movement 
and good distribution, may be satisfied by recirculation of inside air 
rather than outside air. 

It will be noted that, with adequate air space, the rate of air change 
indicated in Table 1 is from 10 to 30 cfm per person. In rooms occupied 
by only a few persons such a rate of air change will be automatically 
attained in cold weather by normal leakage around doors and windows, 
and can easily be secured in warm weather by the opening of windows. 
With a space allotment of 400 cu ft per person, only IJ^ air changes per 
hour are necessary to provide a ventilation rate of 10 cfm per person. 

Therefore, in the ordinary dwelling with adequate cubic space allot- 
ment, no special provision for controlling chemical purity of the air is 
necessary (aside from removal of fumes from heating appliances). For 
such conditions, the control of air temperature is the major factor to be 
considered. 

In more crowded rooms (large offices, large workrooms, auditoriums), 
the cubic space per person is less and it is usually impossible to admit 
untempered outside air without creating drafts. Here, mechanical venti- 
lation is essential for removal of the heat and moisture produced by the 
occupants. 

The present data regarding the effect of cubic space on ventilation 
requirements are not universally accepted. The Code of Minimum Re- 
quirements for Comfort Air Conditioning ^ prescribes definite minimum 
requirements which should be familiar to the designing engineer. It 
should be emphasized, however, that the code fixes minimum, rather than 
adequate requirements. 

Notwithstanding the rapid advance made in air conditioning some 
persons still believe there is a stimulating quality in outdoor air (par- 
ticularly country, mountain and seashore air) under ideal weather con- 
ditions, which is lacking in artificially conditioned air. It is apparent, 
however, that modern air conditioning insures control of the phenomena 
of nature for the service and comfort of man independently of weather 
conditions. The requirements for comfort as determined by the atmos- 
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Table 1. Minimum Outdoor Air Requirements to Remove Objectionable 

Body Odors® 


TtPB or OcCUPAMTS 


AlS SpACB PBB OtTTDOOB AlR STTPPLr 
Fbbson Cr Rr CFM vsr Pbbson 


Heating season with or without recirculation. Air not conditioned. 


iiillillifliiiliii 


25 

16 

12 

7 

Laborers __ , _ . ____ 

200 

23 


f^rarfp srliool of awrage 

100 

29 

Grade school childreti of average class 

200 

21 

G^ade school cbildfen of avet^g^* rlsss 

300 

17 

Grade sobool children of average class 

600 

11 


Grade R^'-hool children of class 

200 

38 


Grade school children of better class 

200 

18 


GraHp sohool rhilHrpn of hpfif rlass 

100 

22 



Heating season. Air humidified hy means of centrifugal humidifier. Water 
atomisation rale 8 to 10 gph. Total air circulation SO qfm per person. 


Sedentary Adults.. 



Summer season. Air cooled and dehumidified by means of a spray dehumidifier. 
Spray water changed daily. Total air drculaHon SO cfm per person 


Sedentary Adults... 



pheric environment are known and the air conditioning engineer can 
supply these essential requirements indoors to the same perfection as 
may accidentally be found at times outdoors, and keep them under 
control. The freedom of movement, action and thought, together with 
the variability of stimuli experienced by persons under ideal conditions 
in the country, mountains or seashore, and the psychological effect of 
these wide open spaces undoubtedly have some stimulating effect, which 
when compared with the monotony of confinement indoors, even in the 
most favorable atmospheric environment, may account for the contrast. 
Various experimenters have attempted to duplicate the invigorating 
qualities of outdoor air by the use of ozone, ionization, or ultra-violet 
light, but results to date have been inconclusive or negative ®. 

Ozone in amounts of 0.01 to 0.05 ppm of air is allowable in comfort air 
conditioning. Above this limit there is a pungent, unpleasant odor and 
perhaps respiratory distress, depression, and stupor 

PHYSICAL IMPURITIES IN AIR 

Dust particles of almost any type can produce irritation of the mucous 
membrstnes of the nose and throat if present in high concentrations. 
Certain dusts may be very harmful, but coal dust is tolerated well. The 
effects of various industrial dusts, pollens, etc. are discussed in Chapter 10. 
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A certain part of the dissemination of disease in confined spaces is 
caused by the emission of pathogenic organisms from infected persons. 
(See Chapter 13.) 

While in some instances it may be possible to reduce the physical 
impurities of the air by dilution from a non-contaminated source, such 
non-con taminated sources are rarely available. Frequently the outside 
air contains a higher concentration of physical impurities than that 
within an enclosure. Therefore, it is usually desirable to reduce the 
concentration of physical impurities by air cleaning methods. (See 
Chapter 33.) 

THERMAL INTERCHANGES BETWEEN THE BODY 
AND ITS ENVIRONMENT 

Body temperature depends upon the balance between heat production 
and heat loss. The heat resulting from the oxidation which occurs within 
the body (metabolism) maintains the body temperature well above that 
of the surrounding air in a cool or cold environment. At the same time, 
heat is constantly lost from the body by radiation, convection and 
evaporation. Since, under ordinary conditions, the body temperature is 
maintained at its normal level of about 98.6 F, the heat production must 
be balanced by the heat loss. During work the body temperature may 
rise. In fact, afternoon temperatures of normal persons average 1 deg 
above the resting value of the morning. 

The fundamental thermodynamic processes concerned in heat inter- 
changes between the body and its environment may be described by 
the equation: 

M ^ S + C (1) 

where 

M « rate of metabolism, heat produced within the body 

S = rate of storage, change m intrinsic body heat. 

E = rate of evaporative heat loss. 

R = rate of radiative heat loss or gain. 

C — rate of convective heat loss or gain. 

Factor If, the rate of metabolism, is always positive. The storage, 5, 
may be either positive or negative, depending upon whether heat is being 
stored or depleted owing to a rise or fall in body temperature. Under 
ordinary circumstances (when the dew-point of the air is below the body 
surface temperature) the evaporation loss, jE, is always positive; that is, 
heat from metabolism supplies this loss. R and C are positive when the 
surface temperature of the body is above that of the walls and air, and 
negative when it is below. 

DuBois after careful calorimeter studies on fasting, nude men, 
plotted the partition of body heat loss and heat production as a function 
of the temperature. (See Fig. 1). 

Fig. 1 shows some disparity between heat production and heat loss. 
This disparity is 5 in Equation 1. In the central range of the experi- 
ments, S was quite low and no increase in heat loss by vaporization was 
apparent. From about 27 C to 30 C (80.6 to 86 F) a zone of easy regula- 
tion of body heat exists for nude persons which may be called a zone of 
thermal neutrality in contrast with the chilling eflFect noted in the cooler 
part of the curve, the zone of body cooling, and in contrast with the zone 
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of evaporative regulation at higher temperatures. In the narrow range of 
the neutral zone most men feel comfortable under similar conditions 
(nude and at rest). In this neutral zone the regulation of body tem- 
perature is accomplished by automatic variation in the blood flow to the 
skin, especially of the hands, feet, and head, to vary the radiation and 
convection losses as required to balance heat loss and heat production. 

At lower temperatures throughout the zone of body cooling there is a 
progressive fall in the skin temperature, especially in feet and hands, 
which implies a diversion of blood from the skin into deeper organs, and 
a progressively greater loss of intrinsic body heat (—5), until the body 
temperature falls enough to induce shivering. The muscular activity of 
shivering increases heat production and so makes good the excessive heat 
loss, maintaining body temperature neairly normal. In cool environ- 



Fig. 1. Heat Loss from Human Beings by Evaporation, 

Radiation, and Convection^ 

^Normal control, naked, in calorimeter at temperatures from 22.7 to 34 6 C First column in each 
experiment represents heat production as determined by indirect calorimetry, the second column, heat 
elimmation. The portion marked with vertical lines represents vaporization, the dotted area convection, 
the unmarked area radiation. The skin temperature represents the average reading of 18 spots on the 
surface. 


ments heat loss by evaporation from skin and respiratory tract remains 
almost constant at about 25 per cent of the heat produced in resting or 
slightly active subjects. 

In the zone of evaporative regulation the burden of heat regulation is 
assumed by evaporation, radiation and convection losses already being 
maximal from the warm skin, flooded by maximal cutaneous blood flow. 
In such hot conditions the pulse rate rises. When sweat first appears it 
covers only part of the body, especially the head and neck, and gradually 
extends to drench the entire body surface All factors which affect the 
evaporation of water from the skin affect heat regulation in the zone of 
evaporative regulation. Relative humidity and air motion are most 
important With dry-bulb temperature above body temperature, air 
motion facilitates evaporative heat loss by removing hot humid air from 
contact with the skin and replacing it with relatively drier air. 

Heat regulation in man requires an intact set of sensory nerves, a 


CHAPTER 12 


1947 Guide 


normal sympathetic nerve supply to sweat glands and blood vessels, a 
great many sweat glands, euid a circulatory system capable of carr 3 dng 
heat from muscles and viscera to the sldn by circulation of the blood. 

The human body possesses remarkable powers of adaptation to a 
narrow range of atmospheric conditions around an ideal optimum where 
storage is zero, and metabolism and skin and tissue temperature oxe at 
optimum values. Under these conditions, the body experiences a sensa- 
tion of comfort. As skin temperature and body-tissue temperature rise 
or fall above or below an optimum, complex adaptive mechanisms come 
into play, chiefly associated with redistribution of blood supply between 
the skin and deeper tissues (in a cold environment) and with sweat 
secretion (in a hot environment). These reactions are governed by nervous 
or chemical stimuli from both skin and internal tissues. Nerves from the 
skin, for example, carry the sense impressions to the brain and the 
response comes back over another set of nerves, the motor nerves, to the 
musculature sxid to all the active tissues in the body, including the 
endocrine glands. In this way, a two-sided mechanism controls the body 
temperature by (1) regulation of internal heat production (chemical 
regulation), and (2) regulation of heat loss by means of automatic varia- 
tion in the rate of cutaneous circulation and the operation of the sweat 
glands (physical regulation). The reactions involved in cold and in hot 
environments are on the whole radically dilferent in nature. The mech- 
anisms of adjustment involved are extremely complex and, while they 
are receiving considerable study, a complete understanding of their 
operation is still lacking. 

Some of the phenomena of body temperature control are shown 
graphically in Fig. 2. The dotted curves, from a study at the John B. 
Pierce Laboratory of Hygiene are for subjects lightly clothed in a 
semi-reclining position and give the relation between the dry-bulb tem- 
perature of die environment (with about 45 per cent relative humidity) 
and the metabolic rate (heat production), the rate of heat dissipation 
by radiation and convection combined, and the latent heat loss due 
to evaporation from the skin and the respiratory tract. The smooth 
line curves from the work of the A.S.H.V.E. Research Laboratory 
give the same relationships for healthy, male subjects (18 to 24 years of 
age), seated at rest and dressed in customary winter indoor clothing. The 
Pierce Laboratory data for the semi-reclining subjects also include the 
rate of heat storage (either positive or negative) due to a rise or fall in 
body temperature. For the normally clothed subjects, a curve gives 
the total heat loss (that is, the sum of the radiation, convection and 
evaporative losses). Here, storage is given by the difference between 
the metabolism and total heat loss. 

The small difference between the metabolic rates for the two groups 
of subjects may be accounted for by the difference in activity. Heat 
exchange between the body and the environment by radiation and con- 
vection is greater for the lightly clothed subject, both for cool conditions 
where there is excessive heat loss, and for very warm conditions where 
there is transfer of heat from the atmosphere to the body. The two 
curves for evaporative loss serve to show how physiological control uses 
evaporation of perspiration to maintain equilibrium at high temperatures. 
Below about 76 F for the normally clothed subject, and below about 85 F 
for the lightly clothed subject, evaporation loss is minimal and constant. 
Above these temperatures control is obtained by the availability of 
perspiration for evaporation. The difference in the curves above 75 F is 
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probably largely determined by the difference in clothing and activity. 
Above temperatures from 95 to 100 F (the probable average outside 
surface temperature of the clothed body) the combined effect of radiation 
and convection causes a change from positive to negative. When the 
environmental temperature rises above 95 to 100 F even the greatly in- 
creased evaporative heat loss ceases to take care of the rate of heat 
production plus radiation and convection gains, and heat storage occurs 
with a consequent rise in body temperature. Above this range, even 
though there is inability to dissipate heat rapidly enough, metabolism 
actually increases. This may be accounted for by the predominance 
over physiological control of the purely chemical laws of increased chemi- 
cal reaction with rise in temperature, and indicates the point where a 
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Fig. 2. Relation Between Metabolism, Storage, Evaporation, Radiation Plus 
Convection, and Operative Temperature for the Clothed Subject 


breakdown in thermal equilibrium begins. Survival time is limited when 
the accelerated metabolic rate raises body temperature to 105 F. For 
conditions in the comfort zone and below, excessive velocities (parti- 
cularly localized drafts) should be avoided, since differential cooling of 
one area of the body may produce surprisingly unpleassint reactions in 
distant areas. In one experiment ^ it was shown that the application of 
an ice pack to an area of 60 sq cm on the back of the neck for 15 min 
caused a drop of 17 deg in the skin temperature of the fingers and that 
this low temperature persisted for one hour after the ice pack was removed. 

HIGH TEMPERATURE HAZARDS 

Studies at the A.S.H.V.E. Research Laboratory and elsewhere 
during the past two decades have made available a mass of information 
dealing with the physiolo^cal effects of hot atmospheres on workers and 
means of alleviating the distress and hazards associated therewith. 

Table 2 gives some of the physiological responses of men at rest and at 
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work to hot environments. Frequent and continued exposure of workers 
to hot environments results in physiological derangement affecting the 
leucocyte count of the blood, and other factors dealing with man’s 
mechanism of defense against infection 

Wherever S (Equation 1) becomes strongly positive and body tempera- 
ture rises progressively men will continue to work only for the time 
required for the body temperature to rise to from 101 to 103 F. When 
these body temperatures are exceeded men work with declining efficiency 
and are liable to heat exhaustion, heat cramps, or heat stroke. 

Heat exhaustion is a circulatory failure in which the venous return to 
the heart is reduced so that fainting results Early symptoms of heat 
exhaustion may include fatigue, headache, dizziness when erect, loss of 
appetite, nausea, abdominal distress, vomiting, and shortness of breath. 


Table 2. Physiological Responses to Heat of Men at Rest and at WoRxa 


Effeotivjo 

Tmcp 

Actual 

Chbie 

TXMP 

(Fahb 

Dbg) 

Mxn at Rbbt 

Mxn at Wobk 

90,000 ft-lb of Work fbb Hour 

Rise m 
Rectal 
Temp 
(FahrDeg 
per 

Increase 
m Pulse 
Rate 

(Beats per 

Approjomate 
Lois in Body 
Weight b;y 
Perspiration 
(Lb per Hr) 

Total Work 
Aooomphshed 
(FfrLb) 

Risem 
Body Temp 
(Fahr Deg 
per Hr) 

Increase in 
Pulse Rate 
(Boats ^ 
Mm per w) 

Approximate 
Loss m Body 
Wt by Per- 
spiration 
(Lbper Bt) 

60 





225,000 

0.0 

6 

0.5 

70 


00 

0 

6.2 

225,000 

0.1 

7 

0.6 

80 

96.1 

00 

0 

0.3 


0.3 

11 

0.8 

85 

96.6 

0.1 

1 

0.4 


0.6 

17 

1.1 

90 

97 0 

03 ; 

4 

0.5 

153,000 

1.2 

31 

1.5 

95 

97.6 

0.9 

15 

0.9 

102,000 

2.3 

61 

2.0 

100 

99.6 

22 

40 

1.7 

67,000 

4.0l> 

1036 

2.76 

105 

104.7 

4.0 

83 

2.7 

49,000 

6.06 

1586 

3.56 

110 


5.95 

1375 

4 05 

i 

37,000 

8.56 

2376 

4.46 


“Data by A.S H V E. Research Laboratory 

^Computed value from exposiires lastmg less than one hour. 


Flushing of face and neck, pulse rate above 150, fever well above 102 F, 
glazed eyes, and mental disturbances as apathy, poor judgment, irrita- 
bility may all precede fainting (syncope) Recovery is usually prompt 
when the man is removed to a cool place and kept lying down for a time, 
unless he has some other illness such as heart disease. 

Heat cramps are painful muscle spasms in extremities, back and 
abdomen due, at least in part, to excessive loss of salt in sweating. For- 
merly common in hot industries, this manifestation of illness due to heat 
is now greatly reduced by use of drinking water containing 0.1 per cent 
salt or by proper use of salt tablets. Heat cramps are readily alleviated 
by administration of salt solution intravenously. 

Heat stroke or sun stroke is a serious effect of exposure to great heat 
The body temperature climbs rapidly to excessive levels often above 105 F 
when for unknown reasons free sweating suddenly stops. At such high 
temperatures coma appears and deatli may be imminent. Emergency 
measures arc required to reduce the excessive body temperature by 
cooling quickly enough to avoid irreparable damage to the brain. 

The deleterious physiologic effects of high temperatures exert a power- 
ful influence upon physical activity, accidents, sickness and mortality. 
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Both laboratory and field data show that physical work in warm atmos- 
pheres is a great effort, and that production falls progressively as the 
temperature rises. The incidence of minor industrial accidents reaches 
a minimum at about 68 F, increasing above and below that temperature. 
Sickness and mortality increase progressively as the temperature rises. 

ACCLIMATIZATION 

When men move to deserts or to jungles some adaptation to the climate 
takes place. If work is gradually increased day by day and if the men can 
get plenty of water and salt, and get sleep each night, acclimatization will 
be complete in 7 to 10 days. The acclimatized man works with a lower 
heart rate, lower skin and rectal temperature, and more stable blood 
pressure than when unacclimatized The process of acclimatization 
requires work in the heat. 

In recent tests made at the A.S.H.V.E. Research Laboratory 
subjects were required to perform light work under very hot conditions 
for a 4-hr period each day. It was found that the ability of a new subject 
to endure these conditions showed daily improvement for a period of at 
least 2 weeks. However, after acclimatization was completed, a recess of 
several days had no effect on the endurance of the subject. Individuals 
differ widely in their capacity to acclimatize. Acclimatized men lose 
these capacities in a few weeks of temperate climate, even though they 
are vigorously active. 

Apparently in hot dry environments acclimatization enables the body 
to increase the capacity to sweat and conserve salt by secreting a dilute 
sweat 

Deterioration of performance may arise during prolonged exposure to 
heat. Certainly when men working in hot conditions cannot get rest and 
sleep each day deterioration is manifest and other ill effects of heat are 
liable to appear. 

Acclimatization to extreme conditions involves a strain upon the heat 
regulating system and interferes with the normal physiologic functions of 
the human body. Thousands of years in the heat of Africa do not seem 
to have acclimatized the Negro to a temperature exceeding 80 F. The 
same holds true of northern races with respect to cold, although the 
effects are mitigated by artificial control. Acclimatization to cold is 
different than to heat. Some persons regard the unnecessary endurance 
of cold as a virtue. They believe that the human organism can adapt 
itself to a wide range of air conditions with no apparent discomfort or 
injury to health. In the light of present knowledge of air conditioning 
these views are not justified. An environment averaging 64 F for the 
24-hour period has been indicated as associated with minimal mortality 

The adaptive level changes somewhat with the season. There are also 
marked differences between the sexes. In the cold zone the thickness of 
thermal insulating tissues of women is almost double that of men, although 
the sensory responses to cold are similar. In the hot zone, the threshold 
of sweating and skin temperature levels are higher for women. The 
thickness and insulating value of the clothing worn are also important 
factors in the determination of the comfort level. 

UPPEEL LIMITS OF HEAT FOR MEN AT WORE 

In very hot conditions humidity is the limiting factor and the wet-bulb 
temperature assumes great importance. In 1906 Haldane recognized 
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Table 3. Upper Limits of Environmental Conditions for Acclimatized, 
Healthy, Young Men in Military Service 


ENviRoramn 

1 Reactions at the end of 4 hr 

Rectal Temp F 

Pulse rate 

Relatively Easy 

Diflfirnlt _ _ _ _ 

Below 101 

101 to 102 

Above 102 

Below 130 

130 to 145 

Over 145 

Impnctsihlp^ .. 



that 88 F wet-bulb was the limit of endurance for coal miners and later 
observers have concurred. 

A study was made at the Armored Medical Research Laboratory to 
determine the upper limits of environmental conditions under which a 
man can perform certain work. Thirteen enlisted men, who were first 
thoroughly acclimatized to the hot conditions, served as subjects. During 
each test, the subjects were required to march for 4 hr at the rate of 3 
mph, canying 20 lb packs. Tests were made under a wide range of 
environmental conditions, and these environments were rated in 3 zones 
as relatively easy, difficult, and impossible, on the basis of the physio- 
logical reactions of the subjects at the end of the 4-hr period as shown in 
Table 3 and Fig. 3. 

Recognition of the need of air conditioning for workers in hot indus- 
tries is growing rapidly and this should become an important field for the 
air conditioning engineer. The hot conditions may be remedied by any 
of the recognized comfort cooling applications. The choice of the type 
of system to be used in any given instance must be determined by the air 
conditioning engineer after a study of the conditions. 

In some hot industries where few workers are engaged in spaces of 
large volumetric capacity the worker himself, rather than the atmosphere, 
can be cooled by placing him in a small cooled and ventilated booth, by 



Fig. 3. The Endurance of Environmental Conditions by Acclimatized 
Subjects Working at a Specific Rate 

From The Upper Limits of Environmental Heat and Humidity Tolerated by Acclimatized Men Work- 
ing m Hot Bnvhonments {Journal of Ifidustnal Hygiene and Toxicology ^ March, 1945, P. 70). Used by 
permission 
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blowing cooled air over him, or by circulating cooled air through a loose- 
fitting suit 

The A.S.H.V.E. Laboratory has studied the effects of walls of higher 
temperature than the air The findings are in part indicated in Fig. 4. 
Mean radiant temperatures were observed up to 40 deg above the dry- 
bulb and were found to influence physiologic processes in this region less 
than had been expected. For example, at 84 deg ET and 40 deg elevation 
in MRT 1 deg ET change is equivalent to a 4 deg rise in MRT. Similarly, 
at a constant ET of 90 deg and with MRT elevations of 0 and 40 deg, 



Fig. 4. Evaluation of Effect of MRT Elevation in Terms of 
Effective Temperature 


1 deg change in ET is equivalent to 7.5 deg and 11 deg rise in MRT 
respectively. 

APPLICATION OF PHYSIOLOGIC PRINCIPLES 
TO AIR CONDITIONING PROBLEMS 

In order to estimate cooling loads in occupied spaces it is necessary to 
know the metabolic rate (heat production) of man. This has been studied 
by investigators who are screed that it is relatively constant as a 
function of body surface area if determined with the subject fasting and 
resting quietly after a good night's sleep. The rate is high in children, 
and diminishes gradually with age; it increases in certain diseases and in 
the presence of fever. The metabolic rate is somewhat lower in women. 
Heat production goes up sharply with work and varies widely in different 
people doing the same work. The data presented in Figs. 5, 6, 7, and in 
Table 4 are good guides for estimation of heat production. Fig. 6 shows 
the total heat loss of subjects at rest and during work at different rates. 
Fig. 6 gives the radiation and convection losses for the same data, and 
Fig. 7 gives the evaporative heat loss. The data from Figs. 5, 6, and 7 
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permit prediction of partition of heat loss for any work rate within the 
usual temperature range. 

EFFECTIVE TEMPERATURE INDEX AND COMFORT ZONES 

The purpose of comfort air conditioning is to provide an environment 
in whidi as many persons as possible are comfortable. There is no one 



Fig. 6. Relation Between Total Heat Loss from the Human Body and 
Effective Temperature for Still Air^ 

»Curve A — Persons working so as to have a metabohc rate of 1310 Btu per hour Curve B — Persons 
working so as to have a metabohc rate of 860 Btu per hour Curve C — Persons working so as to have a 
metabolic rate of 600 Btu per hour. Curve D — Persons seated at rest, or with a metabolic rale of 400 Btu 
per hour Curves B and D based on test data covering a wide temperature range Curves A and C based 
on test data at an Effective Temperature of 70 deg and extrapolation of Curves B and D All curves arc 
averages of values for high and low relative humidities which apply with satisfactory accuracy for most 
considerations. For 8pe<^ problems requinng a higher degree of accuracy see more detailed A.S II.V £. 
Research Laboratory reports 


physiologic observation by which comfort can be measured. The zone 
of thermal neutrality differs with clothing, season, activity, and all the 
other factors controlling heat production (Table 5). The comfort zone 
is very similar to the zone of thermal neutrality 

Sensations of warmth or cold depend, not only on tlie temperature of 
the surrounding air as registered by a dry-bulb thermometer, but also 
upon the temperature indicated by a wet-bulb thermometer, upon air 
movement, and upon radiation effects. Diy air at a relatively high 
temperature may feel cooler than air of considerably lower temperature 



Physiological Principles 


213 




“ 













K 

Z ^1.100 
O or 


lT 
































L — 











o in 

zO 

o 

1,000 


















1 

1 











900 



ij 

ij 

J 










o z 

800 













§2 



■ 

■ 

■ 

a1 









^ U1 
Z O 

700 




n 

■ 

■ 

k 

— 










E-h 


i:! 








2$ 

600 


■ 













H 

1^ 









500 




C" 


■k 













k. 





“o 

^ li- 

400 






■ 

BO 


A] 











d!I 


OK 

■ 

k.. 




m 3 















sS 

300 









i:^»! 

BIT 













\ 




Urn OC 

<cu 

U 0. 

200 













100 















^ 3 
& 














n 















30 

40 

50 

60 

70 

80 

90 

100 


ORY'BULB TEMPERATURE DEG FAHR 


Fig. 6. Relation Between Radiation and Convection Loss from the Human 
Body and Dry-Bulb Temperature for Still Air^ 

uLoc. Cit. See footnote a. Fig. 5. 
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Fig. 7. Evaporative Heat and Moisture Loss from the Human Body in 
Relation to Dry-Bulb Temperature for Still Air Conditions® 

*Loc. Cit. See footnote a, 5. 
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<^Data were compiled from actual tests at the A S H V B. Research Laboratory and from pubhshed 


reports of other investi^tors. 


with a high moisture content. Air motion makes any moderate condition 
feel cooler. Radiation to cold or from warm surfaces is another important 
factor under certain conditions. 

Combinations of temperature, humidity, and air movement which 
induce the same feeling of warmth are called thermo-equivalent condi- 
tions. A series of studies^® at the A.S.H.V.E. Research Laboratory 
established the equivalent conditions for general air conditioning work. 
This scale of thermo-equivalent conditions not only indicates the sensa- 
tion of warmth, but also to a considerable degree determines the physio- 
logical effects on the body induced by heat or cold. For this reason, it is 
called idle effective temperature scale or index, and it denotes sensory 
heat level. 

Effective temperature is an empirically determined index of the degree 
of warmth perceived on exposure to different combinations of temperature, 
humidity, and air movement* It was determined by trained subjects who 


Table 6. Comparison of Comfort Ranges With Zone of Thermal Neutrality*^ 


iNVxana^TOBS 

JSrrjBOTivi TxicFxa/LTUBii 

OrssiLrm 

Tbup 

RTI1TA.MCB 






Comfort Zone 


Houghten and Yaglou.. 66 63-71 Winter non-basal; at rest, nor- 

mally clothed. Men and 
women. 

Yaglou and Drinker — 71 66-75 SuEomer non-basal; at rest and 

normally clothed. Men. 

Yaglou 72.5 66-82 Entire year; non-basal; at rest 

and stripp<^ to waist. Men. 

Keeton et al 75 74r-76 Entire year; basal, nude. Steady 

state (9 hr exposure). Men 
and women. 


DuBois and Hardy.... 

Winslow, Herrington 
and Gagge 


Zone of Thermal Neutrality 


75 

71.8 

73.2-76.9 

64.8-76.0 






84.0-87.8 
74 -84 


Basal; nude; men. 

Basal; clothed; men. 

Non-basal; at rest; nude; men. 
Non-basal ; at rest ; clothed ; men. 
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compared the relative warmth of various air conditions in two adjoining 
conditioned rooms by passing back and forth from one room to the other. 

The numerical value of the index for any given air conditions is fixed 
by the temperature of slowly moving (15 to 25 fpm air movement) 
saturated air which induces a like sensation of warmth or cold. Thus, any 
air condition has an effective temperature of 60 deg, when it induces a 
sensation of warmth like that experienced in slowly moving air at 60 deg 
saturated with moisture. The effective temperature index cannot be 






DRY BULB TEMPERATURE F 

Fig. 8. Psychrometric Chart, Persons at Rest, Normally Clothed, in Still Air 


measured directly but is determined from dry- and wet-bulb temperature 
and air motion observations by reference to an Effective Temperature 
Chart (see Figs. 8, 9, and 10) or tables. 

Fig. 8 gives the effective temperature for any combination of dry- and 
wet-bulb temperatures for still air (15 to 25 fpm) conditions. Charts 
similar to Fig. 8 for air velocities of 300 and 500 fpm have been presented 
in some of the earlier editions of the Guide. Fig. 9 is another form of 
effective temperature chart embodying all three variables; dry-bulb and 
wet-bulb temperatures, and air velocity. 

As stated previously, effective temperature is an index of the degree of 
warmth experienced by the body. An effective temperature line is, there- 
fore, a line defining the various combinations of conditions which will 
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Fig. 9. Effective Temperature Chart Showing Normal Scale of Effective 
Temperature, Applicable to Inhabitants of the United States Under 
Following Conditions: 

A.Clolhtng: Customary indoor clothing. B. Aetmty: Sedentary or light muscular work. C, Heaitng 
Methods: Convection type, t warm air, direct steam or hot water radiators, plenum systems 





ORy BULB TEMPERATURE "F 


Fig. 10. A.S.H.V.E. Comfort Chart for Still Air 


Note . — Both summer and winter comfort zones apply to inhabitants of the United States only. Applica- 
tion of winter comfort hne is further limited to rooms heated by central station systems of the convection 
tsnpe The Ime does not apply to rooms heated by radiant methods Application of summer comfort hne 
is limited to homes, offices and the like, where the occupants become fully adapted to the artificial air con- 
ditions. The Ime does not apply to theaters, department stores, and the hke where the exposure is less than 
3 hours. The optimum summer comfort Ime shown pertains to Pittsburgh and to other aties m the northern 
portion of the United States and Southern Canada, and at elevations not in excess of 1000 ft above sea level. 
An mcrease of one deg £T should be made approximately per 5 deg reduction m north latitude 


induce like sensations of warmth. It does not necessarily follow that like 
sensations of comfort will also be experienced along the entire length of 
an effective temperature line. Some degree of discomfort is likely to be 
experienced at very high or very low relative humidities, regardless of the 
effective temperature. It has also been found that the optimum effective 
temperature varies with the season, and is lower in winter than in summer. 

Fig. 10, commonly referred to as the Comfort Chart is an effective 
temperature chart on which the summer and winter comfort zones have 
been indicated. These zones indicate the various combinations of con- 
ditions under which 60 per cent or more of the people are comfortable. 
Curves showing the percentage of subjects comfortable at each effective 
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temperature in summer and winter have been added to the chart. The 
summer comfort zone is indicated as extending from 66 ET to 76 ET with 
a maximum of 98 per cent comfortable at 71 ET. The winter comfort 
zone extends from 63 ET to 71 ET with a maximum of 97 per cent 
comfortable at 66 ET. The 71 ET and 66 ET lines are referred to, 
respectively, as the summer and winter comfort lines. 

The comfort zones and lines as shown in Fig. 10 are based on research 
prior to 1932. Later studies^ by the A.S.H.V.E. Research Laboratory 
indicate a desirable winter effective temperature of 67 deg, and this 
finding is confirmed by current practice. The shape of the curve showing 
the per cent of subjects comfortable in winter also justifies this conclusion, 
since a drop of only one degree from the 66 ET line seriously reduced 
the percentage of subjects comfortable. 

The comfort zones in Fig. 10 are located between the 30 per cent and 
70 per cent relative humidity lines. There is some evidence that the 
zones could be extended somewhat beyond these limitations. 

It should be emphasized that a satisfacto:^ system will not necessarily 
result by designing for just any combination of conditions within the 
boundaries of title comfort zone. As pointed out, the comfort zone covers 
all conditions under which 50 per cent or more of the subjects were com- 
fortable. An air conditioning system which leaves 50 per cent of the 
people uncomfortable would not be acceptable. Systems should be 
designed to assure comfort for the maximum possible number. 

The results of tests made at the A S.H.V.E, Research Laboratory in 
very hot conditions with subjects doing light work were in very close 
agreement with the effective temperature chart. Other work ^ under 
similar environmental conditions, but with subjects walking 3 mph and 
carrying 20 lb packs indicated that the effective temperature lines should 
be more nearly horizontal. It therefore appears that the slope of the ET 
lines may vary depending upon the rate of work being performed. 

Radiation between the occupant of an enclosure and the surfaces of the 
room itself and objects within the room, including windows, heating and 
cooling equipment, and other occupants, has an important bearing on the 
feeling of warmth and may alter to some measurable degree the optimum 
conditions for comfort previously indicated. Since the mean radiant 
temperature of a space is affected by cold walls and windows, as well as 
by the warm surfaces of heating units placed within the room or imbedded 
in the walls, these factors must be compensated. Likewise, in densely 
occupied spaces, such as classrooms, theaters and auditoriums, tem- 
peratures somewhat lower than those indicated by the comfort line may 
be desirable because of counter-radiation between the bodies of occupants 
in close proximity to each other. Such radiation will also elevate the 
mean radiant temperature of the room. 

Many studies have been made to determine the optimum effective 
temperature for comfort of normal persons in both winter and summer air 
conditioned space, in different geographical regions and for different age 
groups of men and women. A group of these studies was made between 
1935 and 1940 by the A.S.H.V.E. Research Laboratory in Pittsburgh, and 
in several metropolitan districts of the United States and Canada in 
cooperation with the managements of offices employing large numbers of 
workers. Some of the results are shown in Fig. 11. Taking all of these 
studies together, women of all age groups studied prefer an effective 
temperature for comfort 1.1 deg higher than men. All men and women, 
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beyond the age of 40 years prefer a temperature 0.9 deg ET higher than 
that desired by persons below this age. The persons serving in all of these 
studies were representative of office workers clothed for air conditioned 
space in the summer season and engaged in the customary sedentary 
activity of office workers. 

On the basis of present knowledge, for different geographical regions 
and age groups, the most popular temperature varies from a low of 66 deg 
ET for winter heating and air conditioning, to a high of 73 deg ET for 
summer cooling and air conditioning. 

The spread for summer air conditioning for optimum confort is con- 
fined entirely to an effective temperature range of from 69 to 73 deg, and 



Fig. 11 . Relation Between Effective Temperature and Percentage 
Observations Indicating Comfort 


it may be presumed that for winter conditioning a like spread would exist; 
while for inter-seasonal conditions there will be a fluctuation between 
these two rainges. 

Acclimatization and habits of clothing and diet account for these 
variations. An analyis ^ of most of the material published up to 1942, 
made by the A.S.H.V.E. Technical Advisory Committee on Sensations 
of Comfort, indicates a spread of approximately 3 deg in the optimum 
effective temperature for summer cooling and air conditioning due to 
geographical location. However, it should be recognized that variations 
in sensation of comfort among individuals may be greater for any given 
location, as shown in Fig. 11, than variations due to a difference in geo- 
graphicstl location. The available information indicates rather clearly 
that changes in weather conditions over a period of a few days do not 
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acclimate people to different indoor conditions, but in general, people 
experiencing low temperatures over an extended period of time become 
acclimated to lower indoor temperatures, while those experiencing higher 
temperatures become acclimated to higher indoor temperatures. 

The sudden sensation of coldness felt by persons entering a cooled 
and air conditioned space during the summer months, and often referred 
to as shock, may at times be important. It is due to the rapid evapora- 
tion of perspiration which accumulated on the skin and in the clothing 
during previous subjection to hot and humid outside conditions. While 
studies have shown that for healthy individuals this shock is not un- 
pleasant it is plausible, but not proven, that under some conditions it 
may result in unpleasant or even harmful cooling. Where a large number 
of occupants may enter for only a short time, 15 min or less, such occu- 
pants may be satisfied with less cooling. For long occupancy very little 
deviation from the optimum effective temperature is indicated. 

An exit shock when leaving air conditioned space and entering a warm 
atmosphere is equally plausible. Experiments at the A.S.H.V.E. Research 
Laboratory ^ indicated no demonstrable harm to a healthy individual. 
Complete acclimatization occurred as soon as normal perspiration was 
established. Mild exercise shortened the adaptation time. 

A great number of persons seem to be fairly content in summer with 
a higher plane of indoor temperature. Studies by the University of 
Illinois in cooperation with the A.S.H.V.E. Committee on Research 
indicate that effective temperatures as high as 74.5 deg are acceptable in 
the living quarters of a residence, and while this condition is not repre- 
sentative of optimum comfort it provides sufficient relief in hot weather 
to be acceptable to the majority of users. It should be emphasized, 
however, that these are borderline cases that may be acceptable largely 
in the interest of economy. Comprehensive studies by the A.S.H.V.E. 
Research Laboratory in cooperation with office staffs in widely dis- 
tributed regions, including San Antonio, Minneapolis, Washington, D. C., 
and New York City (see Fig. 11), show conclusively that lower effective 
temperatures are required for optimum comfort. 

The sensation of comfort, insofar as the physical environment is con- 
cerned, is not absolute but varies considerably among certain inividuals. 
Therefore, in applying the air conditions indicated, it should not be 
expected that all the occupants of a room will feel perfectly comfortable. 
However, when optimum comfort temperatures are applied in accordance 
with foregoing recommendations, the majority of the occupants should 
be comfortable, and it should be expected that there will be a few too 
warm and a few too cold. These individual differences among the min- 
ority should be counteracted by suitable clothing. 

Satisfactory comfort conditions for persons at work ^ are found to vary 
depending upon the rate of work and the amount of clothing worn. In 
general, the greater the degree of activity, the lower the effective tempera- 
ture necessary for optimum comfort. However, work by the A.S.H.V.E. 
Research Laboratory indicates that under certain conditions moderate 
activity on the part of a person standing up and moving about may 
result in a slightly higher optimum effective temperature than for a person 
seated at rest, because of the larger body surface area exposed for heat 
elimination and the increase in effective air movement over his body. 
Where few workers occupy a large space in hot industries, work by the 
A.S.H.V.E. Research Laboratory shows that they may be made reason- 
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ably comfortable by blowing relatively small volumes of slightly cooled 
air over them or through their clothing. 

For prematurely bom infants, the optimum temperature varies from 
100 to 75 F, depending upon the stage of development. The optimum 
relative humidity for these infants is placed at 65 per cent No data are 
yet available on the optimum air conditions for full term infants and 
young children up to school age. Satisfactory air conditions for these age 
groups are assumed to vary from 75 to 68F with natural indoor humidities. 
For children (having high metabolism) at school, in winter clothes, 70 F 
has been considered correct, while in a gymnasium 55 F has been recom- 
mended. 
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Control of Airborne Infection, Value of Air Cooling Under 
Tropical Conditions, Treatment of Disease, Operating Rooms, 
Nurseries for Premature Inf ants. Fever Therapy, Cold Therapy, 

Allergic Disorders, Orygen Therapy, General Hospital Air 
Conditioning 

T he late war has caused 2 in increase of interest in the preventive 
aspects of air conditioning. It has re-emphasized the importance of 
the control of airborne infection and has demonstrated the value of air 
cooling under tropical conditions for the prevention of heat rash, for 
promoting proper rest and sleep, and in the convalescence of patients. 

CONTROL OF AIRBORNE INFECTION 

Any program of air sanitation is influenced by a number of factors 
In the winter months, the closing of doors, windows and other means of 
access to the outside air to conserve warmth as well as the crowding 
of persons indoors provides conditions conducive to a high incidence of 
contagion. This seasonal phenomenon, illustrated in Fig. 1 which 
represents a study made by the U. S. Public Health Service, will concern 
the ventilating engineer in so far as air quality, determined by tempera- 
ture, humidity, air replenishment and type of air movement and by 
freedom from contamination, is a major intrinsic factor. Apart from the 
seasonal picture of airborne contagion are such extrinsic factors as rate 
of turnover of personnel and the marked susceptibility of the recruit 
in comparison with permanent personnel ® as shown in Fig. 2 by studies of 
military personnel housed in barracks. These extraneous variables and 
the factor of contact infection (direct spray) tend to complicate any 
evaluation of the effectiveness of air sanitation for elimination of micro- 
organisms in droplet-nuclei and droplet-dust. Thus, control measures 
may eliminate consistently 90 per cent of airborne organisms in laboratory 
tests, but cannot effect a decrease in actual incidence of infection ex- 
ceeding 30 per cent. Thirty per cent may be the maximal reduction in 
infection possible by air treatment methods. The distinction should be 
clearly drawn, therefore, between the effectiveness of a procedure in 
laboratory tests and its effectiveness and applicability in actually reducing 
the incidence of airborne disease. 

The following sequence of events has been postulated as occurring in 
a large proportion of intra-ward infections: ia) ejection of relatively 
large protected infective particles from patients, (J) rapid venting or 
settling of these particles so that those remaining airborne are in low 
concenti'ation, {c) survival of infective particles to permit the accumu- 
lation of high concentrations on surfaces, (d) repeated reintroduction of 
infective particles into the air under the stimulus of ward activities or 
by air currents of the order of 50 fpm over the floor, and {e) extension of 
infective areas by air turbulence throughout the ward or hospital. The 
most important link in this probable infection chain has been demon- 
strated to be the reintroduction of particles into the air 
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Intensive studies on air disinfection have indicated two distinct control 
measures, (a) suppression of dust and lint, and (6) disinfection of droplet- 
nuclei. 

Well controlled, large scale tests of the various methods of air sterili- 
zation conducted in barracks ® have confirmed the importance of dust 
control in minimizing the spread of airborne disease, a consideration 
which has guided the practices of ventilating engineers for a number of 
years. The importance of the dust factor has been emphasized by meiny 
engineers and has been convincingly demonstrated by subsequent 
bacteriologic studies aboard ships. 

Treatment of floors and bedclothes with oil emulsions has proved 
effective in reducing bacterial dispersion by as much as 90 per cent in 



Occurrence of diseases causing disability for 8 consecutive days or longer m a group of 100,000 wage 
earners (10 i>er cent women) in different mdustn^. 

^Graph obtained from Dean K. Brundage, U. S. Public Health Service. 

Fig. 1. Study of Average Monthly Frequency (1921-1926 inclusive) of 
SPE aFiED Respiratory Diseases^ 


Army barracks and station hospitals ®. The incidence of acute respiratory 
infections was from 10 to 30 per cent lower in barracks with oiled floors 
and bedclothes than it was in control barracks which received no special 
treatment. 

No simple method for disinfecting droplet-nuclei has yet been devised. 
Under favorable laboratory conditions, propylene glycol in concentrations 
of 0.07 to 0.14 milli^ams per liter, and triethylene glycol in a concen- 
tration of 0.0045 milligrams per liter were highly germicidal for most 
airborne bacteria in clean air when the relative humidity was between 40 
and 60 per cent Under practical conditions, however, particularly 

in the presence of dust in the air, glycol effectiveness is much reduced. 
The use of other chemical aerosols that have been tried is limited by 
their toxicity, odor, or destructiveness to fabrics and metals. 

Ultraviolet radiation of floors and upper air has been studied exten- 
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sively at the Naval Training Center, Sampson, N. Y. In barracks housing 
naval recruits, hospital adnaissions for respiratory infections (mostly 
catarrhal fever) were 25 per cent lower in a group of men exposed to ultra- 
violet radiation — (2637 Angstrom Units, 1 to 7 ergs per ((m^) (sec) at 
bed level) — than they were in adjacent control barracks without ultra- 
violet radiation^. A combination of ultraviolet radiation and dust 
control measures is believed to be more effective than when either one 
of the two is used alone, but the proof for this has yet to come. 

VALUE OF AIR COOLING UNDER TROPICAL CONDITIONS 

The commissioning of a class of naval hospital ships with all wards, 
laboratories and living spaces air cooled is a notable achievement to 
provide better treatment of patients, especially those suffering from 
extensive burns, by control of environment^ factors. Although statistics 



Fig. 2. Monthly iNaDENCE of Acute Respiratory Illness Among Naval 
Recruits and Ship’s Company (Permanent Personnel) * 


are not at hand to indicate the deaths or retarded recoveries of patients 
due to lack of air cooling in ships operating in tropical waters, it is 
generally agreed among competent observers that high temperature and 
humidity are major factors in prolonging disability and increasing 
mortality of the sick and injured. Physiologic data obtained on healthy 
men, moreover, show the large loss of body fluids and the stress on the 
cardiovascular system in terms of increased pulse rate when these men 
are continuously subjected to high temperatures. Even at rest about 
50 cc of fluid per hour are lost as sweat through intact skin. _ In burn 
patients the difficulty, encountered in temperate climates, of maintaining 
fluid and electrolyte balance is tremendously augmented by the addi- 
tional evaporative fluid loss in hot environments. 

Frequently from 60 to 75 per cent of personnel aboard naval vessels 
operating in tropical waters are afflicted with heat rash to a degree that 
interferes with rest and sleep. In carefully controlled experiments “ it 
was possible to produce a fulminating type of rash in all men living 
continuously at an effective temperature of 85 (90 F dry-bulb and 83 F 
wet-bulb). In the control group, 12 out of 24 hr were spent in a relatively 
cool atmosphere of 75 ET (80 F dry-bulb, and 70 F wet-bulb). These 
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men either remained free from heat rash or occasionally developed a mild 
form. Thus, intermittent cooling to a degree which prevented sweating 
in men at rest eliminated a serious handicap to good performance of duty. 

In both laboratory tests and aboard hospital ships a relatively cool 
living environment of 76 to 78 ET provided an atmosphere conducive 
to rest and sleep without sweating. Berthing spaces tended to have 
extremely low odor levels. Motivation, initiative and alertness, in con- 
trast to the usual irritability and lack of incentive incident to residence 
in tropical climate, were maintained ^ 

Little has been done, however, to obtain practical methods for appli- 
cation of air conditioning under heavy heat loads and on the enormous 
scale that would be needed to modify life in the tropics. It is not im- 
probable that cooled houses in a tropical clinoate, if used consistently 
for one generation, might modify the whole character of a population 
The obvious advantages of part time cooling on personnel to promote 
rest and sleep in tropical areas would provide a prophylactic measure 
of great potential importance. 

TREATMENT OF DISEASE 

In the past few years considerable progress has been made in using air 
conditioning as an adjunct in the treatment of various diseases. Among 
the important applications are those in operating rooms, nurseries for 
premature infants, maternity and delivery rooms, children’s wards, 
clinics for arthritic patients, heat therapy, cold therapy, oxygen therapy, 
X-ray rooms, the control of allergic disorders, and for the physiological 
effects in industry. 


OPERATING ROOMS 

The widest application of air conditioning in hospitals is in operating 
rooms. Complete air conditioning of operating wards is important 
because winter humidification helps reduce the danger of anesthetic 
gases; summer cooling with some dehumidification is needed to eliminate 
excessive fatigue and to protect the patient and operating personnel; and 
finally, filtering aids the removal of sdlergens from the operating room air. 

Reducing Explosion Ebzard 

Explosion hazards in operating rooms began with the introduction of 
modern anesthetic gases and apparatus. Ether administered by the old 
drop method gives rise to an explosive mixture, but in practice this 
mefliod is still regarded as comparatively safe. When ether is mixed 
with pure oxygen, or nitrous oxide in certain concentrations, the explosion 
hazard may be as great as with ethylene-oxygen, or cyclopropane- 
oxygen mixtures 

Of the anesthetic gases nitrous oxide alone does not explode but sup- 
ports combustion. Ether, vinyl ether, ethylene, and cyclopropane are as 
potentially dangerous as gasoline or illuminating gas in the home^*. 
Chloroform does not explode violently in contact with flame but decom- 
poses to liberate phosgene. All of the anesthetic gases and vapors except 
ethylene are heavier than air. Although the incidence of injury or death 
from explosion is negligible compared with other hazards in the operating 
room, lie dramatic features surrounding an explosion justify continued 
investigation to eliminate the hazard. 

During the course of ethylene anesthesia, the mixture, usually 80 
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per cent ethylene and 20 per cent oxygen, is so rich that the danger of 
explosion is slight in the immediate vicinity of the face mask, but leakage 
of ethylene into the air may accumulate to any lower concentration, and 
thus introduce a serious hazard. The most dangerous period is at the 
end of the operation when the patient’s lungs and the anesthesia apparatus 
are customarily washed out with oxygen with or without the addition of 
carbon dioxide. Even when this procedure is omitted, it is difficult in 
practice to avoid dilution of the anesthetic gas with air during the normal 
course of breathing following the administration. In either case the 
mixture would pass through the explosion range and extraordinary 
precaution is necessary for the safety of the patient and operating 
personnel. 

In a study of 230 anesthetic explosions and fires, 70 per cent of the 
explosions and 60 per cent of the deaths were caused by igniting agents 
other then static sparks. In 1941 the National Fire Protection Associa- 
tion made certain recommendations for safe practice based on available 
information. Some of these recommendations are: 

Windows should be kept closed so that the air conditioning system 
can prevent pooling of explosive anesthetic gases. Twelve air changes 
per hour and a humidity of 55 per cent are advised. If a higher humidity 
were compatible with the well being of the patient and personnel, it 
should be maintained. All electrical installations should comply with the 
standards set by the National Electrical Code for use in explosive situations. 
Cautery equipment should not be used in hazardous locations. To 
prevent static sparks, all bodies in an operating room should be conduc- 
tive or coupled. It is essential that adequate grounding be provided for 
the floor and every object in the operating room. Conductive rubber 
should be used on shoes, leg tips, operating table coverings and all rubber 
parts of the anesthesia equipment. All furniture in contact with the floor 
should be metal. In the absence of complete grounding facilities, the simple 
method of intercoupling patient, operating table, anesthetist and gas 
machine at ground potential may be used. 

Experience has shown that neither high humidity nor intercoupling 
devices have eliminated the danger from static electric discharge. The 
removal of gas concentrations from the operating table area by means of 
specially devised exhaust ventilation should be thoroughly tested. Port- 
able duct systems as installed aboard ship should be acceptable. Serious 
explosions can occur in a closed system but proper precautions will 
reduce this hazard to a minimum. 

It should be realized that when a room and the occupants have been 
completely grounded there is always the possibility that the patient or 
the operator might receive a dangerous shock if a short circuit developed 
in any of the electrical equipment. 

A comprehensive study of the explosion problem and of the general 
causes and prevention of operating room hazards by the University of 
Pittsburgh j the A.S.H.V.E. Research Laboratory, and the U. S, Bureau of 
Mines has led to a fruitful attempt to eliminate the explosive range of 
cyclopropane, one of the best but most difficult gases to handle. The use 
of helium as a diluent in the total gaseous mixture controls the oxygen 
concentration by displacement and, because of its flame quenching proper- 
ties, it is the ideal gas for this purpose. In addition, a gaseous mixture 
containing helium is more difficult to ignite by electric discharges and 
this quality also increases the safety factor of anesthetic administration. 
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Operating Room Conditions 

Little is known about optimum air conditions for maintaining normal 
body temperatures during anesthesia and the immediate post-operative 
period. An anesthetized patient displays dilation of blood vessels in 
the sltin resulting in profuse sweating and (it has been believed) inability 
to regulate body temperature. From this it was concluded that all 
anesthetized patients suffered considerable heat loss, although there 
may be little more than 0.8 F variation in the rectal temperature during 
the course of the operation The severe physiological effects, such as 
excessive sweating and rapid pulse, of high operating room temperatures 
on attendants and patients during the hot months signify the need for 
proper cooling. A comparison of surgeons’ statements who operate in 
both air conditioned and non-air conditioned rooms strongly indicates 
that the recuperative power of the patient is greater when operated upon 
in air conditioned rooms*®. 

Although the comfortable air conditions for the operators are not 
identical with those for the patient, it is usually not difiScult to compro- 
mise within a range of 55 to 60 per cent relative humidity and 72 to 80 F 
temperature. The work just cited reported that 68 to 70 F effective 
temperature not only furnished comfort for the operating room workers, 
but apparently prevented exhaustion of the patient as evidenced by rapid 
convalescence in the recovery ward. Additional heat may be furnished 
to the patient locally or by suitable covering according to body tempera- 
ture in individual cases. 

In the control of airborne infection in the operating room the prevention 
of dispersal of infectious materials into the air, control of dust and proper 
ventilation supersede attempts to remove or kill pathogenic organisms. 

In an investigation recently conducted at the University of Pittsburgh, 
in a cooperative research program with the Society, comparative stucSes 
were made on bacterial content of conditioned and non-conditioned 
operating rooms. From these studies®* it was concluded that the bac- 
terial content of conditioned operating rooms was considerably less than 
that of non-conditioned rooms. 

Bacterial counts aboard an air conditioned submarine were found to be 
exceptionally low and not cumulative with time although all of the air 
was recirculated for more than 12 hours ®^ without replenishment. The 
removal of bacteria by the process of air cooling and condensation of 
moisture out of air merits further study®*. 

The degree of air contamination can be reduced by proper ventilation 
if velocity of air over the floor does not exceed 50 fpm. Research is in 
progress on the use of filtered air flowing through a system of mechanical 
cleaners which protect the patient against infection from attendants and 
from bacteria-containing air in the corridor or ward ®*. 

Operations may be postponed on allergic patients during asthmatic 
manifestations through fear of complications. The removal of air-borne 
allergens, therefore, is in some cases an important function of the air 
conditioning system in preparing patients for operation. 

Central system air conditioning plants and unit air conditioners prove 
satisfactory in operating rooms when producing between 8 and 12 air 
changes per hour of filtered and properly conditioned air without recircu- 
lation during the course of anesthesia. A separate exhaust fan system is 
usually necessary to confine and remove the gases and odors. Double 
windows are desirable and often necessary to prevent condensation and 
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frosting on the glass in cold weather and to minimize drafts. The air flow 
of 8 to 12 air changes in operating rooms should: (1) reduce the concen- 
tration of the anestihetic to well below the pharmacologic threshold in 
the vicinity of the operating personnel, (2) remove the great amounts of 
heat and sometimes moisture, from sterilizing equipment if inside the 
operating room, from the powerful surgical lights, from solar heat, and 
from the bodies of the operatives, and (3) provide extra capacity for 
quickly preparing the room for emergency operations. Much can be 
gained by therm^ insulation of sterilizing equipment and by thorough 
exhaust ventilation of sterilizing rooms adjoining the operating rooms. 

Too great a difference in temperature between the operating room and 
the final hospital destination of the patient, including corridors and 
elevators, is conducive to infections of the upper part of the respiratory 
tract and post-operative pneumonia. A suggested remedy is a recovery 
ward in which conditions closely approximate those of the operating 
room and in which the patients remain from one to four days. Satis- 
factory conditions in the recovery ward not only hasten convalescence, 
but dispel the fear frequently found in patients who must undergo 
operatibns during the hot seasons 

Experience has shown that a few hours after the operation the tem- 
perature of the post-operative room can be decreased a few degrees below 
that of an overheated operating room to stimulate recovery. 

NURSERIES FOR PREMATURE INFANTS 

One of the most important requirements in the care of premature 
infants is the stabilization of body temperature. This is necessary 
because their heat regulating systems are not fully developed; the 
metabolism is low and the infants generally exhibit marked inability to 
maintain normal body temperatures. The resistance to infection is low 
and mortality rate high. 

Air Conditioning Requirements 

The optimum air conditions for growth and development of premature 
infants were determined by extensive research ^ at the Children’s Hospital , 
Boston, Mass., using four valid criteria, namely, stability of body tem- 
perature, gain in weight, incidence of digestive syndromes, and mortality. 
Individual temperature requirements varied widely (from 72 to 100 F) 
according to the constitutional state of the infants and body weights. 
The optimum relative humidity was about 65 per cent, and the air 
movement less than 20 fpm, 

A single nursery conditioned to 77 F and 66 per cent relative humidity 
was found to fulfill satisfactorily the requirements of the majority of 
premature infants. Additional heat for weak (or debilitated) infants 
may be furnished in the cribs or by means of electric incubators placed 
inside the conditioned nursery, and the temperature adjusted according 
to individual requirements. In this way multiplicity of chambers and 
of air conditioning apparatus is obviated; the infants in the heated beds 
derive the benefit of breathing cool humid air, and the nurses and doctors 
need not expose themselves to extreme conditions. 

Importance of Humidity: Although external heat is an important 
factor in the maintenance of normal body temperature, humidity appears 
to be of equal or greater importance. When /the premature nurseries at 
the Children’s Hospital were kept at relative humidity between 26 and 60 
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per cent for two weeks or longer, the body temperature became unstable, 
gain in weight diminished, the incidence of gastro-intestinal disturbances 
increased, and the mortality rose. On the other hsind, continuous 
exposure to air conditions with 56 to 65 per cent relative humidity gave 
satisfactory results over a period of years. The initial physiologic loss of 
body weight (loss occurring within first four days of life) was found to 
vary inversely with the humidity. In the old nurseries with natural 
humidity it averaged 12.4 per cent of the birth weight; in the conditioned 
nurseries it was 8.9 per cent with 26 to 49 per cent relative humidity, and 
6.0 per cent with 50 to 75 per cent relative humidity. The number of 
days required to regain the birth weight was correspondingly maximum 
in the old nursery and minimum in the conditioned nurseries under high 
humidity. 

Maximum gains in body weight occurred in the conditioned nurseries 
under high humidity (55 to 65 per cent) in infants weighing less than 
5 lb. The gmns were less under low humidity (26 to 50 per cent) in the 
same nurseries, and in the old nurseries prior to the installation of air 
conditioning apparatus. 

The incidence and severity of digestive syndromes, with diarrhea, 
persistent vomiting, diminishing gain or loss of body weight, and other 
symptoms, were generally from two to three times as high under low as 
under high humidity. 

Summarizing, the best chances for life in premature infants are created 
by maintaining a relative humidity of 65 per cent in the nursery and by 
providing a uniform environmental temperature just sufficiently high to 
keep the body temperature within normal limits. Medical and nursing 
care are, of course, factors of equal and sometimes of greater importance. 

Air Conditioning Equipment 

Many of the installations now in use are of the central system type 
providing for filtration, for humidification and heating in cold weather, 
and for cooling and dehumidification in hot weather. A ventilation rate, 
between 8 and 12 air changes, is desirable to remove odors and maintain 
uniformity of temperatures in extremes of weather. Recirculation should 
not be used in tiese wards owing to odors and the possibility of infection. 
There should be a frequent change in spray water. 

Control of Airborne Infection 

The protection of the premature and older infant against infection is 
of the utmost importance. It was found in one installation equipped with 
air conditioning, germicidal lights and mechanical barriers that air 
conditioning alone did not prevent the spread of resjpiratory cross- 
infections. Bactericidal ultraviolet light barriers and air conditioning 
or mechanical barriers and air conditioning were efficient^®. 

FEVER THERAPY 

Artificial production of fever in man is an imitation of nature's way 
of overcoming invading pathogenic organisms. The action may be direct 
and specific by destruction of the invading organism within the safe 
limit of human temperatures, or indirect in the case of heat resistant 
organisms, by generd mobilization of the defensive mechanisms of the 
body, which retard or neutralize the activity of pathogenic bacteria and 
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their toxins. 

Although the action may be direct and specific by destruction of the 
invading organisms within the safe human limits, fever therapy 
exerts much of its benefit through the improvement of the mechanism 
of bodily defense. A serious challenge to the theory on which fever 
therapy is based comes from the demonstration that high fever 
causes a reduction in the concentration of circulating antibodies in 
experimental animals. Clinically, it has been shown that there is no 
change in the per cent of phagocytes which engulf bacteria in patients 
during fever therapy, although the action of the complement fixing 
antibodies may be temporarily diminished. 

Patients for fever therapy should be carefully selected. The most 
serious complications which may arise are heat stroke, heat exhaustion 
2 uid circulatory collapse. The chief minor complications are spasm, 
heat cramps, fever blisters and mild dehydration. 

The limits of induced systemic fever are usually between 104 and 107 F 
(rectal), and the duration from 3 to 8 hours at a time. The total period 
of fever treatment varies with the type of the organism involved from a 
few hours to 50 or more. 

The diseases which respond favorably to artificial fever therapy are 
gonorrhea and its complications (which include arthritis, pelvic infections 
in women, and involvement of the eye), syphilis, chorea, infectious 
arthritis (non-gonorrheal), encephalitis, and some forms of asthma. 
There are other conditions which show promise under this treatment; 
but the most striking results are seen in gonorrhea and syphilis, since the 
causative organisms can be destroyed at temperatures compatible with 
human life. 

Equipment for Production oi Fever 

Artificial fever can be induced by injections of various crystalloid or 
colloid substances, bacterial products of typhoid and malarial organisms, 
or by physical methods using hot baths, radiant heat cabinets, hot 
humidified air cabinets, or by short wave diathermy in combination 
with a cabinet. 

The relative advantages of various methods have been evaluated 
clinically Among the devices for the production of fever by physical 
means, the one most widely used is the hot humid air or air conditioned 
cabinet. This apparatus was developed at the Kettering Institute for 
Medical Research at Miami Valley Hospital in Dayton, Ohio. 

In the earlier studies of the Society temperatures were elevated more 
easily using saturated atmospheres. A fever therapy apparatus using 
these same principles has proved efficient as a means of inducing and 
maintaining fever in a body with small likelihood of burns because of the 
comparatively low dry-bulb temperatures. 

When heat is necessary in treating legs or arms, such media as short 
or long wave diathermy, infrared, water baths, etc. have been used 
extensively. A recent development, a saturated atmosphere heating unit, 
similar to one previously described has proven satisfactory, because heat 
may be administered over longer periods which render deep heating 
possible without fear of burns or shocks. Local heating has been some- 
what satisfactory in relieving the painful symptoms of peripheral vascular 
disease. 

Some investigators employ short wave diathermy within the cabinet 
during the induction phase. When the desired body temperature has 
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been reached by electrical induction, the atmosphere of the enclosure is 
kept at saturation to prevent heat loss, thus maintaining the patient’s 
temperature at the desired point. The two underlying principles in the 
production of fever by the hot, humid air cabinet are: (1) the transfer 
of heat by conduction from the circulating hot air to the body and (2) 
prevention of heat loss. The latter is more important. In an atmosphere 
of high humidity, the heat loss by evaporation is markedly decreased. 

The chief physiologic effects exhibited during fever therapy are: 
(a) the cardio-vascular system is stimulated to increase the amount of 
blood to various parts of the body, (&) a mobilization of blood elements 
by the blood forming system, (c) general metabolism is increased, (d) only 
slight changes in blood chemistry except that the chlorides may be de- 
pleted if dehydration occurs. 

The therapeutic value of fever therapy for certain diseases has been 
definitely proved. The combination of chemo-therapy and fever has 
proved to be more effective than when either is employed separately. 
This is especially true in regard to gonorrhea and early syphilis. 


COLD THERAPY 

In contrast to fever therapy the use of cold as a means of anesthesia 
and treatment is of established importance. Refrigeration anesthesia is 
being more widely used and the advantages of the method claimed by 
Allen have been completely confirmed 

It has been demonstrated that the cooling of limbs and other parts 
with ice-water or ice, cracked or pulverized, down to near the freezing 
point (6 C or 40 F) is harmless. Freezing must be avoided. There is a 
temporary retardation or suspension of life, with resumption of cellular 
activity as the temperature returns to normal. A human limb can 
remain bloodless and anesthetic below a tourniquet for at least 8 hr and 
perhaps up to 48 hr without injury, while the rest of the body remains 
warm. Vi^ere amputation is indicated it can thus be done without pain, 
loss of blood or strength and also without shock. There is no apparent 
interference with the subsequent healing of the stump. Refrigeration 
anesthesia is of importance not only in amputation but dso in the control 
of hemorrhage, pain, infection and shock during the transportation of 
patients with traumatized limbs. 

Apart from the advantages of cold in amputations, cryotherapy has 
been beneficial in the treatment of bums and arterial obstruction, and 
essential in the treatment of frostbite and immersion foot. It has bera 
used successfully for dental anesthesia. The principle of hibernation in 
which the body as a whole is cooled for 3js much as five days in air tem- 
peratures between 60 to 60 F and applied to such conditions as morphine 
addiction, leukemia, and schizophrenia continues to be experimental. 
Prolonged cold therapy which keeps the body temperature below 95 F 
depresses the vital processes and is fraught with danger. 

The methods used for refrigeration depending upon available facilities 
are as follows 

(1) Cracked or shaved ice which is simple and has the advantage of not freezing 
tissues. However, it is cumbersome and sloppy to handle and is unsuited to prolonged 
treatments. 

(2) Use of ice in a pail for immersion of local parts. 

(3) Special boxes for holding ice with padded or curtained openings for the limb. 
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(4) Bare ice bags and cloth bags for iced wet dressings for prolonged treatments and 
convenience. 

(5) A double chambered cabinet using dry ice has been constructed. 

(6) Electrical refrigerating apparatus, consisting of a compact noiseless unit that 
pumps fluid to various typM of applications, is available. The applicators may be in 
the form of blankets containing rubber tubes suitable for covering the entire body or 
all or part of a limb. Special applicators are available for insertion into various body 
cavities and for inducing dental anesthesia. 

(7) An air chamber at r^^ulated temperature for treatments of frostbite and immersion 
foot, and amputation stumps. 

The electrical apparatus is costly but has the advantages of thermo- 
static regulation, light weight, freedom of movement, and permits 
prolonged treatments with heat as well as cold over the range of tem- 
peratures therapeutically desirable. 

ALLERGIC DISORDERS 

Although there is some division of opinion over the ultimate cause 
of allergy, ^e prevailing belief is that it is due to an inherited or acquired 
hypersensitiveness to pollen or other forei^ proteins in certain indivi- 
duals who react abnormally to the offending substance. The reaction 
may be induced by inhalation, eating, or absorption (through the skin) 
of the alleigens. Some of the clinical manifestations are hay fever, 
asthma, eczema, and contact dermatitis. 

Symptoms of Hay Fever and Asthma 

The respiratory tract is the usual site of allergic manifestations, e.g. 
hay fever and asthma. In hay fever, the nose and eyes are red and itchy, 
and there is considerable discharge. Nasal obstruction is the most 
common and distressing symptom. The severity of the symptoms varies 
widely from day to day depending chiefly on the amount of pollen in 
the air. 

Seasonal asthma comes in attacks. The most popular theory concern- 
ing the mechanism of action is that the offending substance irritates the 
nerve endings in mucous membranes of the respiratory tract, causing 
spasmodic contraction of the small bronchioles of the lungs, which 
interferes with breathing, particularly with expiration. Non-seasonal 
aller^c disturbances are sometimes attributed to house or street dusts, 
fungi, odors, animal dander, irritating gases, and heat or cold, particu- 
larly sudden temperature changes. It is often stated in the literature 
that heat r^^ation in asthmatic individuals tends to be unstable, with a 
tendency toward the subnormal. Many allergic cases who are apparently 
well develop their attacks when cold weather appears, or upon changing 
from warm to cool outdoor air. 

Air Conditioning Apparatus 

In recent years considerable effort has been directed toward the elimi- 
nation of the principal cause of allergy from the air of enclosures by 
filtration or other air conditioning processes capable of removing pollens, 
in the hope of providing relief to individuals who fail to respond to medical 
treatment (desensitization or immunization). 

Paper or cloth filters, mounted in inexpensive window or floor units, 
prove quite satisfactoiy in many cases, but since dust and smoke fre- 
quently cause asthmatic attacks, it is desirable that an air filter, to be of 
full value in the treatment of asthma, should remove all possible dusts 
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and pollens regardless of size or amount. Electrostatic air cleaners are 
more efficient than most commonly used types for capturing very fine 
dust 

Although the chief remedial factor in the treatment by conditioned air 
is the filtration of pollen, a certain amount of cooling and dehumidification 
appears to be desirable. A comfortable temperature between 70 and 75 F 
and a relative humidity well below 60 per cent proved satisfactory**. 
Direct drafts, overcooling or overheating are apt to initiate or aggravate 
the symptoms. 

Limitations of Air Conditioning Methods 

The results obtained with air filtration or other air conditioning pro- 
cesses in the control of allergic conditions are fairly comparable to those 
obtained by desensitization treatment so long as the patients remain in 
the pollen free atmosphere. But while specific desensitization is preven- 
tive and in a few instances curative, for all practical purposes filtration 
gives only temporary relief. In mild cases sleeping in an air conditioned 
space may make it possible for the individual to pass more comfortable 
days. With rare exceptions, the symptoms recur on exposure to pollen 
laden air. Moreover the usefulness of air conditioning methods is limited 
because all cases are not caused by air-bome substances.^ Cases of 
bacterial asthma do not respond to treatment with filtered air. 

Despite these limitations air conditioning methods possess definite 
advantages in the simplicity of treatment, convenience, and under certain 
conditions almost immediate relief*^. Pollen cases are usually relieved of 
most of their symptoms within 1 to 3 hr after exposure to properly filtered 
air. A pollen-free atmosphere is especially valuable when desensitization 
has given little or no relief, and when desensitization is not advisable 
owing to intercurrent illness. 

OXYGEN THERAPY 

Oxygen therapy is the principal measure employed for preventing and 
relieving the distressing symptoms of anoxemia, which is a deficiency in 
the oxygen content of Ae blood. Some of the more important conditions 
in whicffi oxygen treatment is believed to be benefidaiJ are pneumonias, 
anemia, heart affections, post-operative pulmonary disturbainces, certain 
mental disturbances, asphyxia, asthma and atelectasis in new-born 
infants. 

The effectiveness of oxygen therapy depends upon the manner of ad- 
ministration. Three common methods, catheter, face mask or tent ®*’ *• 
are employed. 

The necessity of air conditioning in oxygen therapy arises from the 
fact that oxygen is too expensive a gas to waste in the ventilation of 
oxygen tents and oxygen chambers. The oxygen rich atmosphere in these 
enclosures is therefore reconditioned in a closed circuit by removal of 
excess heat, moisture, and carbon dioxide given off from the occupants 
being treat^. 

Oxygen Tents 

In oxygen tents the air enriched with oxygen is usually circulated by 
means of a small motor blower which sends the air over soda lime to 
remove carbon dioxide and then over ice to remove excess heat and 
moisture. The concentration of oxygen in the tent is regulated by means 
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of a pr^ure reducing valve and flow meter. In an inadequately cooled 
tent, high temperatures and humidities are inevitable, increasing the 
discomfort of the patient and imposing an added strain on an already 
overburdened heart. Oxygen therapy under such conditions may do 
more harm than good. An ice melting rate of approximately 10 lb per 
hour gives satisfactory results in patients with fever in a medium size 
oxygen tent. 

Oxygen tents are confining to the patient. They may terrify the rest- 
less and delirious patient. Medical and nursing care is complicated, as 
the tent must be opened or removed with attendant loss of o^gen. 
Oxygen concentrations of 50 per cent or more are difficult to maintain, 
and it is a problem to keep the temperature and humidity low enough in 
hot weather. However, with attention to details, the patient can be 
made quite comfortable. 

Oxygen Chambers 

The conventional oxygen chamber is an air-tight sheet metal enclosure 
of fire-proof construction, large enough to accommodate one or two 
patients. Trap doors or curtains are provided for the personnel, food 
and service, to avoid loss of oxygen. Glass windows in the ceiling and 
walls admit light from outside the chamber. The air conditioning system 
may be of the gravity type, or of the fan type using mechanical refrig- 
eration or air drying agents. 

The temperature and humidity requirement in oxygen therapy depends 
primarily upon the physical condition of the patient, and secondarily 
upon the type of disease. In pneumonias" prescribed conditions should 
be a temperature of 60 to 75 F, humidity 20-50 per cent, moderate air 
movement, oxygen concentration of 50 per cent, and carbon dioxide of 
less than one per cent. 

Oxygen in Aviation 

An important application of the principle of oxygen therapy is in 
aviation. At the present time all high altitude military airplanes in this 
country are provided with gaseous oxygen equipment and military 
personnel are required to utilize oxygen at all times while in flight above 
16,000 ft, or between 12,000 to 16,000 ft for longer than two hours, or 
between 10,000 to 12,000 ft for longer than six hours. The use of oxygen 
in commercial aviation will depend on tjie height and duration of the 
flights as well as the state of health of the passengers. The necessity for 
portable, comfortable equipment, the possible fire hazards due to smoking, 
and the use of oxygen on sleeper planes are some of the difficulties facing 
civil airline operators. The pressure cabin airplane is a solution to the 
problem. 


GENERAL HOSPITAL AIR CONDITIONING 

Complete conditioning of a large hospital involves a capital investment 
and running expenses which may not be justified. In clean and quiet 
districts, the requirements of almost all general and private wards during 
the cool season of the year can be satisfactorily fulfilled by the use of 
conventional heating equipment in conjunction with window air supply 
and gravity or mechanical exhaust. Insulation against heat and sound 
is much more important than humidification in winter; it will also help 
in keeping the building cool in warm weather. Excessive outside noise 
and dust may require the use of silencers and air filters in the openings. 
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Cooling and dehumidification in warm weather are important. In new 
hospitals particularly, the desirability of cooling certain sections of the 
building should be given serious consideration. Finandd reasons may 
preclude the cooling of the entire building, but the needs of the average 
hospital can be met by the use of built-in room coolers and a few portable 
units which can be wheeled from ward to ward when needed. 

In the North and certain sections of the Pacific Coast, cooling is needed 
but a few days during summer, while in the South, it can be used to 
advantage from May to October, and in tropical climates almost con- 
tinuously throughout the year. 

Aside from comfort and recuperative power of the patients, cooling is 
of great assistance in the treatment of fevers in the new-bom and in 
post-operative cases, in enteric disorders, fevers, heat stroke, heart 
failure, and in a variety of other ailments which often accompany summer 
heat waves. 

Considerable research is in progress on the influence of air conditioning 
upon a wide variety of diseases such as pneumonia, upper respiratory 
diseases, tuberculosis, arthritis, nervous instability, hyper-thyroidism, 
essential hypertension, skin diseases, and vascular disorders. 

Problem of Odors 

The evacuation of battle casualties in aircraft and their subsequent 
hospitalization have stimulated efforts to minimize odors arising from 
draining wounds, old odorous casts, and gangrenous wounds. For air- 
craft, chemical sprays and vapors, perfumes, oxidizing gases and venti- 
lation methods are unsatisfactory. An ideal deodorant would purify the 
air by means of odor adsorption so that subsequently the air can be 
recirculated. Based upon the effectiveness of activated carbon com- 
mercially and industridly to adsorb odors, individual adsorption units 
have been used successfully. In hospital wards the question of super- 
iority of adsorption methods for elimination of odors over other methods 
remains to be answered. The present status of the problem is that the 
commercial aspect is highly controversial. 
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General Procedure, Outeide Temperaturea, Inside Tempera- 
tures, Attic Temperatures, Temperatures in Unheated Spaces, 

Ground Temperatures, Basement Temperatures and Heat 
Loss, Transmission Heat Loss, Heat Loss Through Ceilings 
and Roofs, Infiltration Loss, Selection of Wind Velocities, 
Auxiliary Heat Sources, Intermittently Heated Buildings, 
Residence Heat Loss Problems 

I N the design of a heating system, an estimate must be made of the 
maximum probable heat loss of each room or space to be heated, 
based on maintaining a specified inside air temperature during periods of 
minimum selected design weather conditions. The heat losses may be 
divided into two groups, namely (1) the transmission losses or heat losses 
through the confining walls, floor, ceiling, glass or other surfaces and (2) 
the infiltration losses or heat losses due to air leakage through cracks and 
crevices, around doors and windows, opening of doors and other sources 
of interchange of air between the inside and outside. 

GENERAL PROCEDURE 

The general procedure for calculating heat losses of a structure is: 

1. Select the outside design temperature. The data on climatic conditions given in 
Table 1 and the bands of average design temperature in Fig. 1 will be useful but should 
be applied with judgment as suggested in the section Outside Design Temperatures. 

2. Select the inside air temperature, at the 60-in. breathing line or the 30-in. line 
which is to be maintained in the building during the coldest weather. (See Table 2), 

3. Estimate temperatures in adjacent unheated spaces and the attic. The attic 
temperature need not be estimated if the combined roof and ceiling coefficient is used. 

4. Select or compute the heat transmission coefficients for outside walls and glass; 
also for inside walls, doors, or top-door ceilings, if these are next to unheated space; 
include roof if next to heated space. (See Chapter 6). 

5. Measure amount of net outside wall, glass and roof next to heated spaces, as well 
as any cold walls, doors or ceilings next to unheated si^ce. Such measurements are 
made from building plans, or from the actual building, using inside dimensions. 

6. Compute the heat transmission losses for each kind of wall, glass, floor, ceiling 
and roof in the building by multiplying the heat transmission coefficient in each case 
by the area of the surface in square feet and the temperature difference between the 
inside and outside air. (See Items 1, 2, and 3). 

7. Select unit values and compute the heat equivalent of the infiltration of cold air 
taking place around outside doors and windows. These unit values depend on the kind or 
width of crack and wind velocity, and when multiplied by the lenrth of crack and the 
temperature difference between the inside and outside air, the result e^mresses the heat 
required to warm up the cold air leaking into the building per hour. (See Chapter 8). 

8. The sum of the heat losses by transmission (Item 6) through the outside wall and 
glass, as well as through any cold floors, ceilings or roof, plus the heat equivalent (Item 7) 
of the cold air entering by infiltration, or required to replace mechanical exhaust, 
represents the total heat loss equivalent for any Duilding, 

OUTSIDE DESIGN TEMPERATURES 

There are no hard and fast rules for selecting the outside design tem- 
perature to be used for a given locality or type of building or heating system, 
and the problem is to some extent a matter of judgment a^ experience. The 
outside design temperature is seldom taken as the lowest temperature, or 
even the lowest daily mean temperature ever recorded in a given locality. 
Such temperatures are rarely repeated in successive years. A tempera- 
ture somewhat higher than the minimum or the lowest daily mean on 
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Table 1, Climatic Conditions Compiled from Weaxbbr Bureau Records^ 



Dec., Jan., 
Peb., Miles 


Alabama 


Arizona.. 


Arkansas.. 


California.. 


Colorado. 


Connecticut 

Dist. of Columbia.. 
Florida 


Geoi^ia 


Illinois . 


Indiana.. 


Kansas . 


Anniston 

Birmingham 

Mobile. 

Montgomery. 

Flagstaff 

Phoenix 

Yuma 

Bentonville. 

Fort Smith 

Little Rock. 

Eureka 

Fresno 

Independence. — 

Los Angeles 

Needles 

Point Reyes 

Red BliS 

Sacramento. 

San Diego. 

San Francisco. 

San Jose 

Denver 

Durango 

Grand Junction... 

Leadville. 

Pueblo. 

Hartford 

New Haven 

Washin^on 

Apalachicola 

Jacksonville 

Key West 

Miami 

Pensacola 

Tampa 

Atlanta — 

Augusta 

Macon. 

Savannah — 

Thomasville 

Boise 

Lewiston 

Pocatello. 

Cairo 

Chicago. 

Peoria 

Springfield 

Evansville. 

Fort Wayne 

Indianapolis 

Royal Center 

Terre Haute. 

Charles City, 

Davenport 

Des Moines 

Dubuque. 

Keokuk. 

Sioux City. 

Concordia 

Dodcre City 





per Hour 

724 

62.7 

-10 


694 

52.9 

-10 

8.0 

10 

59.2 

- 1 

9.9 

201 

66.7 

- 5 

7.5 

6902 

36.0 

-30 


1112 

46.3 

16 

5.3 

138 

62.5 

22 

6.7 

1295 

46.9 

-17 


449 

60.8 

-15 

8.1 

257 

61.8 

-12 

8.3 

43 

49.3 

20 

7.3 

277 

54.3 

17 

5.4 

3944 

47.8 

- 5 


312 

60.0 

28 

6.3 

480 

60.8 

18 


510 

617 

27 


303 

53.1 

17 

6.0 

25 

53.3 

17 

7.2 

19 

67.9 

25 

6.3 

52 

64.6 

27 

7.5 

95 

53.3 

18 


5221 

39.7 

-29 

7.6 

6552 

35.4 

-27 


4587 

39.7 

-21 

4.4 

10182 

24.9 

-31 


4799 

40.3 

-27 

8.0 

15 

36.4 

-24 

8.9 

13 

38.6 

-15 

9.4 

72 

43.4 

-16 

7.9 

14 

61.2 

18 

8.4 

18 

62.7 

10 

9.1 

6 

73.1 

43 

10.6 

8 

71.2 

27 

9.8 

13 

60.0 

7 

11.2 

24 

66.0 

19 

8.5 

987 

62.1 

- 8 

11.7 

134 

65.3 

3 

6.5 

330 

55.0 

7 

6.6 

38 

56.9 

8 

9.6 

276 

58.9 

2 

5.3 

2842 

40.3 

-13 

9.1 

738 

44.7 

-23 

4.1 

4468 

36.5 

-28 

9.5 

314 

46.9 

-16 

9.9 

594 

37 3 

-23 

12.0 

603 

37.4 

-27 

8.1 

602 

40.5 

-24 

11.8 

385 

45.1 

-16 

9.7 

777 

36.7 

-24 

10.3 

718 

40.4 

-25 

11.3 

736 

37.8 

-25 

11.0 

485 

42.0 

-18 

10.2 

1013 

31.0 

-34 

7.9 

679 

36.4 

-27 

10.5 

800 

36.0 

-30 

10.1 

641 

34.2 

-32 

7.1 

674 

38.9 

-27 

8.3 

1093 

33.9 

-36 

11.6 

1375 

40.7 

-25 

7.7 

2522 

42.3 

-26 

10 . 5 * 
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Table 1. Clucatic Conditions Compiled from Weather Bureau Records^ — 

(Continued) 


Col. a 

Col. B 

Col. C 

Col. D 

Col. E 

Col. F 

State 

City 

Elevation'* 

Average 
Temperature, 
Oct. 1- 
May 1 

lowest 

Temperature 

Ever 

Reported 

Average 
Wmd 
Velocity 
Dec., Jan., 
Feb , Miles 
per Hour n 

‘K’flnsfls l 

Tola 

963 

44.8 

-18 

8.2 


Topeka 

926 

42.1 

-25 

9.6 


Wichita 

1372 

44.1 

-22 

12.2 

Kentucky 

Louisville. 

539 

44.8 

-20 

9.9 


T.f*vington 

975 

43.7 

-20 

13.3 

T.niiisiansi 

New Orleana 

3 

62.1 

7 

8.6 


Shreveport 

174 

56.3 

- 5 

8.8 


Eastport 

33 

31.5 

-23 

12.5 


Greenville 

1057 

25.9 

-36 



Portland 

61 

34.0 

-21 

10.4 

Maryland 

Baltimore 

14 

44.2 

- 7 

8,1 

M a Rsfl rh iisfif-ts 

Boston, 

12 

38.3 

-18 

12.4 


Fitchburg 

402 

35.3 

-17 



Nantucket. 

43 

39.3 

- 6 

14.8 

Michigan 

Alpena 

587 

29.9 

-28 

11.0 


Detroit. 

619 

35.8 

-24 

12.0 


Escanaba 

594 

27.8 

-32 

9.3 


Grand Rapids 

638 

35.2 

-24 

11.9 


Houghton 

695 

27.4 

-31 

9.1 


Lansing. 

858 

34.0 

-25 

10.0 


Ludington 

690 

33.8 

-21 



Marquette. 

674 

31.2 

-27 

10.7 


Sault Ste. Mane.— 

607 

26.7 

-37 

8.9 

Minnesntfl. _ 

Duluth 

1128 

24.3 

-41 

13.4 


Minneapolis 

830 

29.8 

-34 

11.3 


Moorhead 

895 

22.8 

-48 

9.9 


St. Paul 

703 

29.0 

-34 

9.5 

MississippL 

Corinth ... 

470 

51.0 

- 8 



Meridian 

343 

54.8 

- 6 

5.7 


Vicksburg 

234 

56.8 

- 1 

8.3 

Missniiri 

Columbia 

733 

42.3 

-26 

8.9 


Hannibal. 

759 

40.1 

-25 

9.6 


Kansas City 

741 

42.8 

-22 

10.2 


St. Louis 

465 

44.3 

-22 

11.7 


Springfield 

1265 

44.8 

-29 

10.9 

Montana 

Billings 

3568 

33.4 

-38 

12.4 


Havre. 

2488 

27.6 

-57 

9.4 


Helena 

3893 

29.1 

-42 

7.3 


Kalispell 

2956 

31.6 

-34 

52 


Miles City. 

2351 

27.6 

-49 

5.6 

Nphrsislra 

Drexel 

1299 

35.7 

-25 



Lincoln 

1184 

37.8 

-29 

10.6 


North Platte. 

2783 

36.8 

-35 

8.3 


Omaha. 

978 

35.8 

-32 

9.6 


Valentine. 

2581 

33.5 

-38 

9.3 

Nevada 

Reno 

4397 

39.0 

-19 

6.0 


Tonopah 

6087 

39.7 

-15 



Winnemucca 

4288 

37.9 

-36 

8.1 

New Hampshire 

Concord 

339 

31.0 

-37 

6.0 

Jpirspy 

Atlantic City 

8 

41.6 

- 9 

15.9 


Cape Miay. 

17 

43.2 

- 3 



Newark. 

11 

40.3 

-14 



Sandy Hook. 

15 

41.2 

-11 

16.1 


Trenton 

56 

40.6 

-14 

11.0 

New Mexico 

Albuquerque. 

5314 

44.1 

-16 

7.3 


Roswell - 

3568 

48.9 

-29 

7.1 


Santa Fe 

6312 

38.6 

-13 

7.1 

New York 

Albany. .. 

119 

35.4 

-24 

10.4 


Binghamton 

858 

35.1 

-28 

6.8 
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Table 1. Climatic Conditions Compiled from Weather Bureau Records^ — 

(Continued) 


Col. a 

Col. B 

Col. C 

Col, D 

Col. E 

Col. F 




Average 

Lowest 

Average 

Wind 

State 



Temperature, 
Oct. 1- 

Tenu>erature 

Ever 

Velocity 
Dec., Jan.. 




May 1 

Reported 

Feb., Miles 






per Hour 

Nftw Vorlr 

Riiffalo. 

693 

35.0 

-20 

17.1 


Cantnn 

406 

29.5 

-43 

10.6 


Ithaca 

872 

35.1 

-22 

11.3 


New York. 

10 

41.0 

-14 

16.8 


Oswego 

292 

84.2 

-23 

12.3 


Rochestei 

543 

35.1 

-22 

10.1 


Syracuse 

399 . 

35.0 

-26 

11.3 

North Carolina 

Asheville 

2203 

45.9 

- 6 

9,6 


Charlotte 

763 

50 5 

- 5 

7.3 


Hatteras 

7 

53.4 

8 

14.6 


Manteo 

12 

61.6 

7 



Raleigh 

400 

60.1 

- 2 

7.8 


Wilmmgton 

6 

54.3 

5 

8.1 

North 

Bismarck.- 

1650 

25.3 

-45 

9.1 


Devils Lake 

1472 

21.8 

-46 

10.1 


Grand Forks 

832 

22.2 

-43 





1877 

23.4 

-50 

8.4 

Ohio 

Cincinnati 

761 

42.3 

-17 

8.5 


Cleveland 

787 

37.6 

-17 

15.0 


Columbus — 

724 

40.2 

-20 

11.6 


Dayton — 

743 

40.3 

-28 

10.9 


Sandusky — 

603 

38.0 

-16 

11.0 


Toledo.. 

589 

37.2 

-16 

12.1 

Oklahoma 

Broken Arrow. — 

765 

47.9 

-12 



Oklahoma City — 

1280 

48.7 

-17 

11.5 

Or^on 

Baker. 

3445 

35.9 

-25 

5.9 


Medford 

1314 

45.1 

-10 

4.3 


Portland 

30 

47.2 

- 2 

7.3 


Rosebm*g 

479 

47.1 

- 6 

3.9 

Pennsylvanid 

Erie - 

654 

37.0 

-16 

13.6 


Harrisburg — 

335 

40.6 

-14 

7,9 


Philadelphia 

26 

43.5 

-11 

11.0 


Pittsburgh 

1248 

40.7 

-20 

11.7 


Reading. 

266 

40.9 

-14 

9.1 


Scranton 

746 

37.5 

-19 

7.6 

Rhode Island 

Block Island 

35 

40.0 

-10 

18.0 


Narra^nsett Pier 

22 

38.1 

-13 



Providence 

12 

38.7 

-17 

12.1 

South Carolina 

Charleston 

9 

54.6 

7 

10.6 


Columbia 

332 

54.2 

- 2 

8.1 


Due West 

711 

61.6 

6 

8.6 


Greenville 

1006 

49.1 

- 6 

8.4 

South Dakota 

Huron 

1282 

29.2 

-43 

10.6 


Pierra 

1719 

32.4 

-40 

8.3 


Rapid City 

3215 

34.0 

-34 

7.8 

T#»nnaRspr» 

Chattanooga 

689 

50.2 

-10 

7.6 


Knoj^lc. 

949 

48.1 

-16 

7.2 


Memphis 

269 

61.2 

- 9 

9.3 


Nashville. 

585 

48.9 

-13 

9.8 

Texas ..... 

Abilftrift 

1752 

54.2 

- 6 

10.1 


Amarillo 

3590 

43.3 

-16 

12.1 


Austin 

616 

67.0 

- 1 

8.0 


Brownsville 

16 

66.8 

12 

10.2 


Corpus Christi 

10 

61.9 

11 

11.0 


Dallas 

487 

55.4 

- 3 

10.6 


Del Rio 

967 

60.7 

12 

7.9 


El Paso — 

3710 

53.8 

- 6 

8.9 


Ft. Worth 

688 

66.6 

- 8 

10.4 


Galveston 

7 

620 

8 

11.2 
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Table 1, Climatic Conditions Compiled from Weather Bureau REcoRDsa — 

(Concluded) 


Col a 

Col. B 

Col. C 

Col. D 

Col. E 

Col. F 

State 

City 

Elevation^ 


Lowest 

Temperature 

Ever 

Reported 

Average 
Wind 
Veloaty 
Dec., Jan., 
Feb., Miles 
per Hour 

T 

Houston 

41 

61.6 

5 

10.5 


Palestine 

492 

57.0 

- 6 

8,0 


Port Arthur 

5 

61.1 

11 

10.5 


San Antonio 

782 

60.9 

4 

8.3 


Taylor 

583 

58.2 

0 

9.2 

TTtflh 

Modena 

5460 

36.7 

-32 

9.3 


Salt Lake City — 

4222 

38.6 

-30 

7.9 

Vermont — 

Burlington 

398 

31.2 

-29 

11.7 


Northfield 

842 

28.1 

-41 


Virginia 

Cape Henry 

16 

49.0 

5 

13.1 


Lynchburg 

631 

46.4 

- 7 

8.1 


Norfolk 

11 

49.6 

2 

10.1 


Richmond 

162 

47.4 

- 3 

8.1 


Wytheville.. 

2299 

42.0 

- 8 


Wa*^hir>gtor» 

Nnrth Hf^ad 

194 

43.3 

11 

16.3 


Seattle— 

14 

45.9 

3 

9.7 


Spokanei 

1955 

37.9 

-30 

6.2 


Tacoma 

109 

44.9 

7 

7.9 


Tatoosh Island 

101 

44.4 

7 

19.9 


Walla Walla 

949 

43.4 

-29 

5.5 


Yakima 

1068 

40.6 

-24 

4.1 

Virginia 

Elkins 

1969 

38.2 

-28 

6.1 


Parkersburg 

615 

42.8 

-27 

7.1 

Wifsrnnsin _ 

Green Bay 

593 

30.4 

-36 

10.6 


La Crosse 

664 

31.5 

-43 

8.9 


Madison 

938 

31.8 

-29 

10.1 


Milwaukee 

674 

33.6 

-25 

12.1 


Wausau— 

1221 

26.1 

-40 


Wyoming. 

Chftypnne 

6139 

33.9 

-38 

13.3 


Lander. 

5352 

30.1 

-40 

3.9 


Yellowstone Park 

6239 

29.4 

-40 

8.8 

Alta 

Rdmnntnn 

2219 

22.8 

-57 

7.5 

R- C- 

Vanrouver. . 

22 

42.6 

2 

4.5 


Victoria... — 

228 

44.0 

- 2 

12.6 

Man. 

Winnipf»gr__ 

786 

17.2 

-54 

10.1 

NT. R 

Fredericton 

164 

27.5 

-35 

9.1 

N. S 

Yarmniith 

136 

34.8 

-12 

14.3 

Dnt 

I^nnHon 

912 

32.6 

-27 

10.3 


Ottawa 

294 

26.4 

-35 

8.4 


Port Arthur 

644 

22.0 

-40 

8.0 


Toronto.— 

379 

32.6 

-26 

13.6 

P. E. I 

Charlottetown 

186 

29.4 

-27 

9.8 


Mnnfrpal 

187 

28.1 

-29 

11.3 

. 

Quebec — 

296 

24.5 

-34 

13.3 

^alr. 

Prince Albert. 

1414 

16 0 

-70 

5.1 

Vukon 

Dawfion. _ _ 

1062 

1.9 

-68 

3.7 

Newfoundland 

St. Johns. 

428 

31.4 

-21 

12 


•United States data from U S Weather Bureau, and Canadian data from Meteorological Service of 
Canada, corrected to 1948. 

i>Elevation of ground at station above sea level, feet. Elevations obtained— 1946. 

•Blank apaces indicate data not available. 

•ecord may properly be assumed in making the heat loss computations, 
wolumn E, Table 1 lists the lowest dry-bulb temperatures ever reported 
n the places listed. Temperatures for other cities may be obtained 
from local weather bureau records^. The design temperatures shown 
n Fig. 1 are generally representative of the practice in various sections 
rf the United States, although in some instances, due to local con- 
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ditions of altitude or exposure, the design temperatures may vary some- 
what from those indicated. 

The A.S.H.V.E. Technical Advisory Committee on Weather Design 
Conditions has reconunended the adoption for heating of an outside 
design temperature which is equalled or exceeded during 97 per cent 


Fig. 1 . Bands of Average Winter Design Temperature 
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of the hours in December, January, February, and March, but the work 
of compiling the various local temperatures is not yet completed. 

INSIDE TEMPERATURES 

The inside air temperature which must be maintained within a building 
is understood to be the diy-bulb temperature at the breathing line, 6 ft 
above the floor, or the 30-in. line, and not less them 3 ft from die outside 
walls. Inside air temperatures, usually specified, vary in accordance 
with the use to which the building is to be put and Table 2 presents values 
which conform to good practice. 

Table 2. Winter iNsms Dry-Bulb Temperatures Usually Specified^ 


Type of Bitilding 

DbgF 

Type of Building 

DbgF 

Schools — 

dfiiw rnoms_ * 

70-72 

Theators— 

spare 

68-72 

AffiWMTibly rooms 

68-72 

rooms . _ ... 

68-72 

riyiTiTissinTns . .. 

65- 65 
70 

66- 68 


68 

Toilets and baths. 

Wardrobe and locker roomsL.^ 

r 

Hotels — 

TCitrh^kns ___ 

66 

Bedrooms and baths. . 

70 

Dining and lunch rooms 

Playvnnms 

65-70 

Dining rooms. 

70 

60-65 

Kitchens and laundries 

66 

Natatopums ,, , . 

75 

Rallrooms 

65-68 


Toilets and service rooms 

68 

Hospitals — 

Privjpite rooms 

70-72 

Hnwotfi .. 

70-72 

Private rooms (surgii^al). _ . _ 

70-80 

Rtodtss . __ 

65-68 

OperaHnpr rooms. 

70-06 

PiTBrir. BmT.nmos 

68-72 

Wards 

68 

Warm air baths. 

120 

TTitrliens and laundries 

66 

Steam baths . .. 

110 

Toilets — 

68 

Factories and machine shops.. 

60-65 

Ratbrooms 

70-80 

Foundries and boiler shops.... 

60-60 



Paint shops. 

80 


^The most comfortable diy-bulb temperature to be maintained depends on the relative humidity and 
air motion. These three factors considered together constitute what is termed the effective temperature. 
(See Chapter 12 ) When relative humidity is not controlled separately, optimum dzy-bulb temperature 
for comfort will be slightly higher than shown m Table 2. 

The proper dry-bulb temperature to be maintained depends upon the 
relative humidity and air motion, as explained in Chapter 12. In other 
words, a person may feel warm or cool at the same dry-bulb temperature, 
depending on the relative humidity and air motion. The optimum winter 
effective temperature for sedentary persons, as determined at the A.S.H.V.E. 
Research Laboratory, is 66 deg. 

As explained in Chapter 12 for so-called still air conditions, a relative 
humidity of approximately 50 per cent is required to produce an effective 
temperature of 66 deg when the dry-bulb temperature is 70 F. However, 
even where provision is made for artificial humidification, the relative 
humidity is seldom maintained higher than 40 per cent during the ex- 
tremely cold weather, and where no provision is made for humidification, 
the relative humidity may be 20 per cent or less. Consequently, in using 
the figures listed in Table 2, consideration should be given to the actud 
relative humidity to be maintained if provision is to be made for humi- 
dification. 

Temperature at Proper Level: In making the actual heat loss compu- 
tations, however, for the various rooms in a building it is often necessary 
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to modify the temperatures given in Table 2 so that the air temperature 
at the proper level will be used. By air temperature at the proper level is 
meant, in the case of walls, the air temperature at the mean height be- 
tween floor and ceiling; in the case of glass, the air temperature at the 
mean height of the glass; in the case of roof or ceiling, the air temperature 
at the mean height of tihe roof or ceiling above the floor of the heated 
room; and in the case of floors, the air temperature at the floor level. 

Temperature at Ceiling: The air temperature at the ceiling is generally 
higher than at the breathing level due to stratification of air resulting from 
the tendency of the warmer or less dense air to rise. An allowance for this 
fact should be made in calculating ceiling heat losses, particularly in the 
case of high ceilings. However, the exact allowance to be made may be 


Table 3. Afpeoxdcatb Temperature Differentials Between Breathing Level 
AND Qsiling, Applicable to Certain Types of Heating Systems^ 


Ceiling 


Breaxeung Level Tempbratuse (5 ft Above Floor) 


(Ft) 

60 

65 

70 

72 

74 

76 

78 

80 

85 

go 

10 

3.0 

3.3 

3.5 

3.6 

3.7 

3.8 

3.9 


4.3 

4.5 

11 

3.6 

3.9 

4.2 

4.3 

4.4 

4.6 

mm 

4.8 

6.1 

6.4 

12 

4.2 

4.6 

4.9 

5.0 

5.2 

5.3 

K 1 

5.6 

6.0 

6.3 

13 

4.8 

5.2 

5.6 

6.8 

5.9 

6.1 

K 1 

6.4 

6.8 

7.2 

14 

5.4 

5.9 

6.3 

6.5 

6.7 

6.8 

7.0 

7.2 

7.7 

8.1 

16 

6.0 

6.5 

7.0 

7.2 

Hi 

7.6 

7.8 

8.0 

8.5 

9.0 

16 

6.1 

6.6 

m 

7.3 

7.5 

7.7 

7.9 

8.1 

8.6 

9.1 

17 

6.2 

6.7 


7.4 

7.6 

7.8 

K&l 

8.2 

8.7 

9.2 

18 

6.3 

6.8 

Mrl 

7.6 

7.7 

7.9 

8.1 

8.3 

8.8 

9.3 

19 

6.4 

6,9 

7.4 

7.6 

7.8 

8.0 

8.2 

8.4 

8.9 

9.4 

20 

6.5 

7.0 

7.6 

7.7 

7.9 

8.1 

8.3 

8.5 

90 

9.6 

25 

7.0 

7.6 

8.0 

8.2 

8.4 

8.6 

8.8 

9.0 

9.5 

10.0 


7.6 

8.0 

8.5 

8.7 

8.9 

9.1 

9.3 

9.5 

mutm 

10.6 

35 

8.0 

8.5 

9.0 

9.2 

9.4 

9.6 

9.8 

10.0 

10.5 

11.0 

40 

8.5 

9.0 

9.5 

9.7 

9.9 


10.3 

10.5 

11.0 

11.6 

45 

9.0 

9.6 

10.0 

10.2 

10.4 


mhSM 

11.0 

11,5 

12.0 

60 

9.5 

10.0 

10.6 

10.7 

10.9 

11.1 

11.3 

11.5 

12.0 

12.5 


•The figures in this table are based on an increase of 1 per cent per foot of height above the breathing 
levd (6 ft) up to 15 ft and 1/10 of one degree for each foot above 15 ft. This table is generally apphcable 
to forced air types of heating ssrstema. For direct radiation or gravity warm air, increase values 50 per cent 
to 100 per cent. 


somewhat difficult to determine as it depends on many factors, including 
(1) the type of heating system, (2) ceiling height, and (3) ^e inside- 
outside temperature differential. The type of heating system is par- 
ticularly important as the temperature gradient from floor to breathing- 
level to ceilmg may depend to a large extent on whether direct radiation, 
unit heaters or warm air is used, and in the latter case, whether the circu- 
lation is by gravity, auxiliary fan or forced air. Although with properly 
adjusted air flow the temperature differential with unit heaters can be 
reduced to a minimum, it is possible with improper adjustment that it 
may be increased over that which would normally result without me- 
chanical circulation of the air. 

It would be difficult from present available information to establish 
rules for determining the temperature difference to^ use in all cases. 
However, for residences and other structures having ceiling heights under 
10 ft, the comparatively small temperature differential between the 
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breathing level and ceiling may generally be neglected without serious 
error. For higher ceilings where specific test data are not available, an 
allowance of approximately 1 per cent per foot of height above the 
breathing level may be made for ceiling heights up to 15 ft and approxi- 
mately 1/10 of 1 deg per foot of height above this level. The v^ues in 
Table 3 are calculated on this basis. For direct radiation and gravity 
warm air systems, the allowance should be increased from 60 per cent to 
100 per cent over those given in Table 3. These rules should, however, 
be used with considerable discretion. 

Temperature at Floor Level: According to the University of Illinois 
Research Residence tests the temperature at the floor level ranged from 
about 2J4 to 6 deg below that at the breathing level, or somewhat 
greater than the difference between the breathing level and ceiling 
temperatures. Tests at the University of Wisconsin® indicated a some- 
what smaller differential between the floor and breathing level tempera- 
tures. As a general rule, if the breathing level to ceiling temperature 
differential is neglected (as with ceiling heights under 10 ft), the breathing 
level-floor differential may also be neglected as the two are somewhat 
compensating, especially where both floor and ceiling heat losses are 
calculated for the same space. In other cases, the 10 ft temperature 
differentials in Table 3 may be used in arriving at the floor heat loss, these 
differentials to be subtracted from the breathing level temperature. 


ATTIC TEMPERATURES 


Frequently it is necessary to estimate the attic temperature, and in 
such cases Equation 1 can be used for this purpose. 

_ AcJJch "h to {AtTJx + "j” -^gC/g) 

^ ArUx + A^U^ + A^U^ + AcUc 

where 

ia “ attic temperature, Fahrenheit degrees. 
h = inside temperature near top floor ceiling, Fahrenheit d^ees. 
to = outside temperature, Fahrenheit degrees. 

Aq = area of ceiling, square feet. 

At =« area of roof, square feet. 

A^ =* area of net vertical attic wall surface, square feet, 
ilg » area of attic glass, square feet. 

Uq = coefEdent of transmission of ceiling, based on surface conductance of 2.20 
(ui)per surface, see Chapter 6). 2 ^ » reciprocal of one-half the air space 
resistance. 

Ux = coeffldent of transmission of roof, based on surface conductance of 2.20 
(lower surface, see Chapter 6). 

Z7w ~ coeflEdent of transmission of vertical wall surface. 
i7g = coefhdent of transmission of glass. 


Example 1. Calculate the temperature in an unheated attic, assuming the following 
conditions; h = 70; 10; Ac = 1000; Ax ** 1200; Aw “ 100; Ag - 10; Ur “ 0.60; 

Uc =* 0.40; Uw « 0.30; Ug « 1.13. 


Solution: Substituting these values in Equation 1: 

, _ (1000 X 0.40 X 70) 10 [(1200 X 0.60) + (100 X 0.30) + (10 X 1.13)] 

^ (1200 X 0.60) + (100 X 0.30) + (10 X 1.13) + (lOOO X 0.40) 


to. 


34,413 

1041 


33.1 F. 
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Equation 1 neglects the effect of any interchange of air such as would 
take place through attic vents or louvers intended to preclude attic, con- 
densation. However, according to tests \ such venting of attics by means 
of small louvers or other small openings does not appreciably reduce the 
attic temperature and may be neglected without serious error. The 
attic temperature may be calculated in the usual manner by means of 
Equation 1, allowing the full value of the roof. The error resulting from 
this assumption will generally be considerably less than if the roof were 
neglected (as is sometimes the practice) and the attic temperature as- 
sumed to be the same as the outside temperature. When relatively large 
louvers are installed as is customary in the southern states, the attic 
temperature is often assumed as the average between inside and outside 
temperatures. 


TEMPERATURES IN UNHEATED SPACES 

The heat loss from heated rooms into unheated rooms or spaces must 
be based on the estimated or assumed temperature in such imheated 
spaces. This temperature will generally range between the inside and 
outside temperatures, depending on the relative areas of the surfaces 
adjacent to the heated room and exposed to the outside. If the respective 
surface areas adjacent to the heated room and exposed to the outside are 
approximately the same, and if the coefficients of transmission are 
approximately equal, the temperature in the unheated space may be 
assumed to be the mean of the inside and outside design temperatures. 
If, however, the surface areas and coefficients are unequal, the tempera- 
ture in the unheated space should be estimated by means of Equation 2. 

i{AiUx + AtU^ + AiUz -f etc.) 4- to (^a^a + + AqJJc + etc.) 

* AxUi ^A^Ui^ AzUx + etc. + .laZ/a -|- A^Uh + AcUc + etc ^ ^ 


where 


tu « temperature in unheated space, Fahrenheit d^ees. 
t n inside design temperature of heated room, Fahrenheit d^jees. 
to « outside design temperature, Fahrenheit degrees. 

Aif ill, etc. » areas of surface of unheated space adjacent to heated space, 
square feet. 

AsLf Ab, Ac, etc. « areas of surface of unheated space exposed to outside, square feet. 
Ui, Uu TJz, etc. » coefficients of transmission of surfaces of Au A Ai^ etc. 

Uta Ub, Uc, etc. » coefficients of transmission of surfaces A^, Ab, Ac, etc. 


Example B. Calculate the temperature in an unheated space adjacent to a heated 
room having surface areas (Ai, ils, and At) in contact therewith of 100, 120, and 140 
sq ft and coefficients (Ui, U%, and Ut) of 0 15, 0.20, and 0.25 respectively. The surface 
areas of the unheated space exposed to the outside (ila and ^Ib) are respectively 100 and 
140 sq ft and the corresponding coefficients are 0.10 and 0.30. The sixth surface is on 
the ground and is neglected in mis example. Assume f » 70 and to ■> —10. 


Solution. Substituting in Equation 2: 


tu 


70{(100X0.15)-Kl20 X0.20)-Kl40 X0.25)]-h-10[(100X0.10)-f (140 X0.30) ] 
(lOOX 0.16) + (120X 0.20) + (140X 0.25) + (lOOX 0.10) + (140 X 0.30) 
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The temperatures in imheated spaces having large glass areas and with 
two or more surfaces exposed to the outside (such as sleeping porches and 
sun parlors), are generally assumed to be the same as outside. 

GROUND TEMPERATURES 

Ground temperatures to be assumed for estimating basement heat 
losses will usudly differ in the case of basement walls and floors, the 
temperatures under the floors being generally higher than those adjacent 
to walls. 

Temperatures Adlacent to Basement Walls 

Ground temperatures near the surface and under open spaces vary 
with the climate, the season of the year and the depth below the surface. 
The nearer the surface (during the cold weather) the lower the tem- 
perature. Frost will penetrate to a depth of over 4 ft in some localities 
if not protected by snow. A thick blanket of snow will result in a higher 
ground temperature near the surface. Consequently ground tempera- 
tures near tiie surface may be higher in cold climates where the snow 
remains on the ground for a greater length of time than in more moderate 
climates where the snow melts away periodically during the winter. 

Complete data for various localities are not as yet available but in 
estimating heat losses through vertical walls below grade, it is advisable 
not to assume average ground temperatures above 32 F in northern 
climates when estimating heat losses from heated basements. This is for 
the mean height of the basement wall. Since the recommended wall 
coefficient for basement walls in contact with the soil is only 0.10, any 
small variation in the assumed ground temperature will not materially 
affect the calculated heat loss. 

Temperaturea Under Basraient Floors 

The temperature under basement floors ® is influenced by the heat from 
the basement or protected from the influence of atmospheric conditions 
by the basement. In computing losses through basement floors the 
ground temperatures may be assumed the same as the approximate water 
temperature at depths of 30 to 60 ft given in Fig. 3, Chapter 37. Test 
results indicate that the heat losses through basement floors are fre- 
quently over-estimated ®. 

BASEMENT TEMPERATURES AND HEAT LOSS 

The allowance to be made for basement heat loss depends on whether 
the basement is to be heated or not. 

If the basement is heated and a specified temperature is to be main- 
tained, the heat loss should be estimated in the usual manner, based on 
the proper wall and floor coefficients (see Chapter 6) and the outside air 
and ground temperatures. Heat loss through windows and , walls 
above grade should be based on outside temperatures and the proper air- 
to-air coefficients. Heat loss through basement walls below grade should 
be based on the floor and wall coefficients for surfaces in contact with the 
soil and on the proper ground temperature. 

If a basement is completely below grade and is not heated, the tem- 
perature in the basement will normally range between that in the rooms 
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above and the ground temperature. Basement windows will of course 
lower tihe basement temperature when it is colder outside and any heat 
given off by the heating plant will increase the basement temperature. 
In any case, the exact basement temperature is likely to be a somewhat 
indeterminate quantity, if the basement is not heated. Since the base- 
ment temperature will generally be lower than that of the rooms above, 
an allowance should theoretically be made for the loss from the rooms 
above through the floor over the basement. 

The temperature in crawl spaces below floors will vary greatly depend- 
ing on the number and size of wall vents, the quantity of heating pipes 
and the type of insulation. It is therefore necessary to analyze the 
conditions and select an appropriate temperature by judgment. 

TRANSMISSION HEAT LOSS 

The basic formula for the loss of heat by transmission through any 
surface is given in Equation 3. 

(3) 


where 

Ht heat loss transmitted through the wall, roof, ceiling, floor, or glass, Btu per 
hour. 

A == area of wall, glass, roof, ceiling, floor, or other exposed surfaces, square feet. 

U = coefficient of transmission, air to air, Btu ^ (hour) (square foot) (Fahrenheit 
d^ee temperature difference) (Chapter 6). 

t =* inside temperature near surface involved whi^ may not necessarily be the 
so-called breathing line temperature, Fahrenheit degrees. 

to outside temperature, or temperature of adjacent unheated space or of the 
ground, Fahrenheit degrees. 

Example S Calculate the transmission loss through an 8 in. brick wall having an 
area of 150 sq ft if the inside temperature (^) is 70 F and the outside temperature (to) 
is -10 F. 

Solution, The coefficient of transxnission ( £7) of a plain 8 in. brick wall is 0.50 (Chapter 
6, Table 7). The area (il) is 150 sq ft. Substituting in Equation 3: 

Ht «= 150 X 0.60 X [70 - ( - 10)] - 6000 Btu per hour. 

Transmission Loss Through Ceilings and Roob 

The transmission heat loss through top floor ceilings, attics, and roofs 
may be estimated by either of two methods: 

1. By substituting in Equation 3 the ceiling area (-4), the inside-outside temperature 
difference (t — to) and the proper value of (CO; 

a. Flat roofs Select the coefficient of transmission of the ceiling and roof from 
Tables 14 or 15, Chapter 6, or use appropriate coefficients in Equation 1 if side 
walls extend appreciably above the ceiling of the floor below. 

b. Pitched roofs. Select the combined roof and ceiling coefficient from Table 17, 
Chapter 6 or calculate the combined roof and ceiling coefficient by means of 
Equation 5, Chapter 6 , where this formula is applicable as explained in Chapter 6. 

2. By estimating the attic temperature (based on the inside and outside design tem- 
peratures) by means of Equation 1, and substituting for to in Equation 3, the value of 
^ thus obtained, together with the ceiling area (A) and the ceiling coefficient (U), This 
applies to pitched roofs. In the case of flat roofs it is not necessary to calculate tne attic 
temperatures as the ceiling-roof heat loss can be determined as pi: paragraph la. 
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INFILTRATION HEAT LOSS 

The infiltration heat loss includes (1) the sensible heat loss or the heat 
required to warm the outside air entering by infiltration and (2) the latent 
heat loss or the heat equivalent of any moisture which must be added. 

Sensible Heat Loss 

The formula for the heat required to warm the outside air which 
enters a room by infiltration to the temperature of the room, is given 
in Equation 4. 

» 0.24 Qd (t - to) (4) 

where 

Hs = heat required to raise temperature of air leaking into building from to to ^ 
Btu per hour. 

0.24 « speafic heat of air. 

Q = volume of outside air entering building, cubic feet per hour (see Chapter 8). 
d “ density of air at temperature to, pounds per cubic foot. 

It is sufficiently accurate to use d = 0.075 in which case Equation 4 
reduces to 

Hn « 0.018 Q(t- to) (4a) 

The volume of outside air entering per hour (Q) depends on the wind 
velocity and direction, the width of crack or size of openings, the type of 
openings and other factors, as explained in Chapter 8. Where the crack 
method is used for estimating leakage, it is more convenient to express 
the air leakage heat loss in terms of the crack length: 

He * 0.018 Qi (* -to) ^ B Lit --to) (4b) 


where 

B = air leakage per (hour) (foot of crack) (ChajJter 8) for the wind velocity and type 
of windows or door crack involved multiplied by 0.018. . 

Z ~ length of window or door crack to be taken into consideration, feet. 

EmmpU What is the infiltration heat loss per hour through the crack of a 3 x 5 ft 
average, double-hung, non-weatherstripped, wood window, based on a wind velocity of 
15 mph? Assume inside and outside temperatures to be 70 F and zero respectively. 

Solution. According to Table 2, Chapter 8, the air leakage through a window of 
this type (based on Hi iu* crack and %4 m. clearance) is 39 cu ft per foot of crack per 
hour. Therefore, B « 39 X 0.018 “ 0 70. The length of cradk (L) is (2X5) + 
(3 X 3), or 19 ft; i « 70 and io = 0, Substituting in Equation 4b, 

jETs “ 0.70 X 19 X (70 — 0) = 931 Btu per hour. 


Crack Length to be Used for Computations 

The amount of crack used for computing the infiltration heat loss 
should not be less than half of the total crack in the outside walls of the 
room- For a building having no partitions, whatever wind enters through 
the cracks on the windward side must leave through the cracks on Ae 
leeward side. Therefore, take one-half the total crack for computing 
each side and end of the building. In a room with one exposed wall, take 
all the crack; with two expos^ walls, take the wall having the most 
crack; and with three or four exposed walls, take the wall having the 
most crack; but in no case take less than hedf the total crack. 
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The total infiltration loss of a building having partitions will not be 
equal to the sum of the infiltration losses of the various rooms, since at 
any given time infiltration will take place only on the windward side or 
sides and not on the leeward side. Therefore, if a building has more than 
one room which is divided by interior walls or partitions, it is sufficiently 
accurate to use half of the total infiltration losses for determining the 
total heat requirements. Infiltration is sometimes estimated in terms 
of number of air changes per hour. Such estimates require judgment 
regarding the construction and conditions under consideration, that is, 
whether they are better, equal to, or worse than the average conditions 
for which air changes are given in Table 4, Chapter 8. 

Latent Heat Loss 

When it is intended to add moisture to air leaMng into a room for the 
maintenance of proper winter comfort conditions, it is necessary to 
determine the heat equivalent to evaporate the required amount of water 
vapor, which may be calculated by the equation: 

where 

E\ = heat required to increase moisture content of air leaking into building from 
mo to mi, Btu per hour. 

Q =* volume of outside air entering building, cubic feet per hour. 
d » density of air at temperature pounds per cubic foot, 
mi « vapor density of inside air, grains per pound of dry air. 
mo * vapor density of outside air, grains per pound of dry air. 
hig B latent heat of vapor at mi, Btu per pound. 

If the latent heat of vapor (feg) is assumed to be 1060 Btu per pound, 
Equation 5 reduces to 

Hi « 0.0114 Q (mi - mo) (6a) 

Equations 4a, 4b and 5a may also be used for determining the sensible 
and latent heat gains due to infiltration in cooling load computations. 

SELECTION OF WIND VELOaHES 

The effect of wind on the heating requirements of any building should 
be given consideration under two heads: 

1. Wind movement increases the heat transmission of walls, glass, and roof, affecting 
poor walls to a much greater extent than good walls. 

2. Wind movement materially increases the infiltration (inleakage^ of cold air through 
the cracks around doors and windows, and even through the buiTdmg materials them- 
selves, if such materials are at all porous. 

Theoretically as a basis for design, the most unfavorable combination 
of temperature and wind velocity should be chosen. It is entirely possible 
that a building might require more heat on a windy day with a moderately 
low outside temperature than on a quiet day with a much lower outside 
temperature. However, the combination of wind and temperature which 
is the worst would differ with different buildings, because wind velocity 
has a greater effect on buildings which have relatively high infiltration 
losses. It would be possible to compute the heating load for a building 
for several different combinations of temperature and wind velocity which 
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records show to have occurred and to select the worst combination; but 
designers generally do not feel that such a degree of refinement is justified. 

It has been the practice for many years in estimating air leakage by 
the crack method to use the average wind velocity during the mondis of 
December, January and February. This average wind velocity may not 
necessarily correspond with that occurring during periods when the 
outside design temperature prevails, the latter being not an average but 
rather a near extreme, that is, a specified number of degrees above the 
lowest temperature recorded in the locality involved. Therefore instead 
of using the aforementioned average wind velocity, it is the practice of 
some designers to use in all cases a wind velocity of 16 mph together wi& 
the proper design temperature. Although a 15 mph wind velocity is 
higher than the general averse wind velocity during December, January 
and February in various United States cities, this and higher wind veloci- 
ties frequently occur during periods of outside temperature corresponding 
to the design temperature. It should be added that this wind velocity 
also corresponds with that on which the heat loss coefficients in Chapter 6 
are based, although the effect of variations in wind velocity on the in- 
filtration losses is generally much greater than the effect of wind velocity 
on the heat loss by transmission through walls. Therefore, pending 
further investigation of this subject, either the average during December, 
January and February or a 15 mph wind velocity may be used at the 
discretion of the designer. Where the air change method is used for 
estimating infiltration losses, the wind velocity is not considered. 

EaqpOBure Factors 

Many designers use empirical exposure factors to increase the calcu- 
lated heat loss of rooms or spaces on the side or sides of the building 
exposed to the prevailing winds. However, according to a survey made 
in 1943, many Guide users have found that the use of exposure factors 
is not necessary as the Guide method of calculating heat losses provides 
an ample heat loss allowance. Therefore exposure factors may be re- 
garded as factors of safety for the rooms or spaces exposed to the pre- 
vailing winds, to allow for additional capacity for these rooms or spaces, 
or to balance the radiation, particularly in the case of multi-story buildings. 
Although the exposure allowance is frequently assumed to be 15 per cent, 
the actual allowance to be made, if any, must to a large extent be a 
matter of experience and judgment of the designer, since there are at 
present no authentic test data available from which rules could be 
developed for the many conditions encountered in practice. 

As stated previously, the value of U in the tables of Chapter 6 is based 
on a wind velocity of 15 mph and the surface resistsince for this wind 
velocity (0.17) is sufficiently low so that higher wind velocities will 
decrease the surface resistance to a negligible degree and therefore have 
only a slight effect on the average over-all codficient. On the other 
hand, infiltration losses vary almost directly as the wind velocity, as 
will be apparent from the factors in Table 2 of Chapter 8. The more 
exact method therefore would be to differentiate among the various 
exposures more accurately by calculating the infiltration and transmis- 
sion losses separately for the different sides of the building, using different 
assumed wind velocities for the infiltration losses on tie various sides 
of the building. 

Because the prevailing wind direction does not necessarily coincide 
with the wind direction accompanying the coldest weather it has been 



254 


CHAPTER 14 


1947 Guide 


omitted from Table 1. Investigation is under way to establish from past 
17. 5. Weather Bureau Records the coincident low temperature and wind 
conditions, including velocity and direction, which should be used in 
computing the design load for a heating system. 

AX7XILIARY HEAT SOURCES 

The heat supplied by persons, lights, motors and machinery should 
slways be ascertained in the case of theaters, assembly halls, and in- 
dustrial plants, but allowances for such heat sources must be made only 
after careful consideration of all local conditions. In many cases, these 
heat sources ^ould not be allowed to affect the size of the installation at 
all, although they may have a marked effect on the operation and con- 
trol of the system. In general, it is safe to say that where audiences are 
involved, the heating installation must have sufficient capacity to bring 
the building up to the stipulated inside temperature before the audience 
arrives. In industrial plants, quite a different condition exists, and heat 
sources, if they are always available during the period of human occu- 


Table 4. Heat Equivalents of Various Sources 


Source 

Hsat Equivalbmt 

Btu per Hr 

in Room) 

Motor Horsepower 

(Motor OiitisiHi* Rnom) 

Efficiency 

Motor Horsepower X 2544 
a413 

Riiowatt 


Prorfxicj»r Hai?, ppr (Ciihtc Foot) (Hoiir)_ _ „ ___ 

160 

Manufactured Gas, per (Cubic Foot) (Hour) 

535 

Natural Gas, per (Cubic Foot) (Hour) 

1000 



pancy, may be substituted for a portion of the heating installation. In 
no case should the actual heating installation (exclusive of heat sources) 
be reduced below that required to maintain at least 40 F in the building. 

Electric Motors and Machinery 

Motors and the machinery which they drive, if both are located in the 
room, convert all of the electrical energy supplied into heat, which is 
retained in the room if the product being manufactured is not removed 
until its temperature is the same as the room temperature. 

If power is transmitted to the machinery from the outside, then only 
the heat equivalent of the brake horsepower supplied is used. In some 
mills this is the chief source of heating and it is frequently sufficient to 
overheat the building even in zero weather, thus requiring cooling by 
ventilation the year round. Table 4 shows the heat output equivalent 
of various sources of heat in a factory. For information concerning the 
heat supplied by persons, refer to data given in Chapter 12. For other 
appliances see Table 16, Chapter 16. 

INTERMITTENTLY HEATED BUILDINGS 

In the case of intermittently heated buildings additional heat is 
required for raising the temperature of the air, the building materials and 
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the material contents of the building to the specified inside temperature. 
The rate at which this additional heat must be supplied depends upon 
the heat capacity of the structure and its material contents and uf)on the 
time in which these are to be heated 

This additional heat may be figured and allowed for as conditions re- 
quire, but inasmuch as the heating system proportioned for taking care 
of the heat losses will usually have a capacity about 100 per cent greater 
than that required for average winter weather, and inasmuch as most 
building may either be continuously heated or have more time allowed 
for heating-up during the few minimum temperature days, no allowance 
is usually made except in the size of boilers or furnaces. For churches, 
auditoriums and other intermittently heated buildings, additional capacity 
should be provided. 

RESIDENCE HEAT LOSS PROBLEMS 

Example 5. Calculate the heat loss of residence shown in Fig. 2 located in the 
vicinity of Chicago. Assume inside and outside design temperatures to be 70 F and 
— 10 F respectivdy. The attic is unheated. Assume ground temperature to be 60 F 
under basement and garage fioors and 32 F adjoining basement walls. Estimate m- 
hltration by crack method, assuming average wind velocity to be 12.5 mph during 
December, January and February. No wall, ceiling or roof insulation is to be figured in 
this problem, but all first and second floor windows are to have storm sash. The building 
is constructed as follows (transmission coefiSdents (27) in parentheses): 

Walls: Brick veneer, building paper, wood sheathing, studding, metal lath and plaster 
(0.28). Walls of dormer over garage, same except wood siding in place of brick veneer 
(0.26). 

AUic Walls: Brick veneer, building paper, wood sheathing on studding (0.42). 

Basement WaUs: 10 in. concrete (0.10). 

Roof: Asphalt shingles on wood sheathing on rafters (0.53). 

Ceiling (Second floor): Metal lath and plaster (0.69). 

Windows: Double-himg wood windows with storm sash (0.45). Steel casement sash 
in basement (1.13). 

Floor (Bedroom D): Maple finish flooring on yellow pine sub-flooring; metal lath 
and plaster ceiling below (0.25). 

Moor (Basement and Garage): 4 in, stone concrete on 8 in. dnder concrete (0.10), 

Solution: The calculations for this problem are given in Table 5, and a summ^ 
of the results in Table 6. The values in column F of Table 6 were obtained by multipl 5 dng 
t(^ther the figures in columns C, D, and £. The heat losses axe calculated to the nearest 
10 Btu. See merence notes for Table 5 for further explanation of data. 

Attention is called to the summary of heat losses (Table 6) of the uninsulated residence 
(Fig. 2). As storm windows are used in this instance the glass and door trans- 
mission heat losses of 20.9 ^ cent are relatively small. The infiltration losses (12.8 
per cent) are also comparatively small in this case because the storm windows swe 
substantially the same purpose as weatherstripping. In this problem, the wall, ceiling, 
and floor transmission losses comprise 66.3 per cent of the total. 

Example d. Calculate the heat loss of residence shown in Fig. 2 based on the same 
conditions as in Example 6 but having construction improved or insulated to obtain 
coefficients as follows: 

Walls, 0.13; Walls of Dormer over Garage, 0.12; Attic Walls, 0.28; Walls Adjoining 
Garage, 0.18; Basement Walls (Recreation Rootn), 0.10. 

Roof , 0.53. 

Ceiling (Second Floor), 0.15. 

Windows (Same as in Example S), 

Floor (Bedroom D), 0.18. 

Solution: The procedure for calculatii^ the heat losses is similar to that for Example 
6. A summary of the results is given in Table 7. 
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Tablb 5. Hbat Loss Calculation Seebt for Uninsulated Rssidbncb 

^IG. 2) 



B 

C 

Fibs or Sntucnm 

Nn Assaob 
Gsack Lbkqxib 


Bedroom A , infiit^tion 



^ I Infiltration 


Bedroom D 

Infiltration 

Floor over Garage 

Walls 

Bathroom 1 . 

Infiltration 


Bathroom 2 , infiltration 


Living 

Room 


Dining 

Room 


Kitchen and 
Entrance 
to Garage 


Lavette and 
Vestibule 


Entrance 

HaU 


Garage 


Recreation 

Room*^ 


Floor over Garage 
Walls 

Walls (adjoining garage) 
Glass 

Infiltration 


Glass (wmdow) 
Infiltration^ 

Walls (outside) 

Walls (adjoining garage) 

Infiltration 

Glass 

Door to garage 
Walls (outside) 

Walls (adjoining garage) 

Door 

Glass 

Infiltration 


36 lin ft^ 


36 Im ft^ 


18 lih fu 


18 lin ft 


18 lin ft 


15 lin ft 


40 lin ft 


31 lin ft 


96 

51 


27 lin ft 


Infiltration 
Ceiling<*» p 


Infiltration 
Floor (heat gain) 
Heat gain 


Infiltration 


39 

21 

sq ft 
sq ft 


20 lin ft 

87 

167 

53 

44 

sq ft 
sq ft 
sq ft 
sq ft 


37 lin ft 


D 

E 

Coani- 

Tbup. 

CIBNT 

Diir> 

0^ 

80 

0.45 

80 

0 . 35 c 

80 

0.69 

39.8 

0.28 

80 

0.45 

80 

0.35 

80 

0.69 

39.8 

0.28 

80 

0.45 

80 

0.35 

80 

0.69 

39.8 

0.28 

80 

0.45 

80 

0.35 

80 

0.69 

39.8 

0.25 

35* 

0.28 

80 

0.45 

80 

0.35 

80 

0.69 

39.8 

0.26 

80 

0.45 

80 

0.35 

80 

0.69 

39.8 

0.25 

35 

0.28 

80 

0.39i» 

35 

0.45 

80 

0.35 

80 

0.28 

1 80 

1.13 

1 80 

0.45 

80 

0.35 

80 

0.28 

80 

0 . 39 b 

35 

0.35 

80 

0.45 

80 

0.51 

35 

0.28 

80 

0 . 39 b 

35 

0.51 

80 

0.45 

80 

0.35 

80 

0.28 

80 

0.38 

80 

0.35 

80 

0.69 

39.8 

0.28 

45 

1.13 

45 

0.51 

45 

1.623 

45 

0.10b 

- 15 b 

0.10 

20 

0.10 

38 

1.13 

80 

0.76 

80 



5330 
1440 
1010 
6660 
3400 
1440 
1010 
4400 
2560 
970 
500 
3300 
2650 
720 
500 
3300 
960a 
670 
500 
500 
1510 
1770 
320 
420 
960 
310« 
5980 
1280“ 
1800 
1120 
3720 
3160 
720 
870 
2150 
700“ 
760 
650 
300“ 
1840 
1160“ i 
780 
320 
530 
870 
640 
560 
2490 
2110 
2700 
1010 
2700 
-280 
-4710“ 
570 
840 
720 I 
490 


Total 85.750 
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Notes for Table 6. 

‘The inside-outside tempexature diffexence is 70 ~ (*~10) or 80 P, except where otherwise noted 

hOnly the south windows are used for arrivins at the window crack for this room, on the assumption 
that whatever air enters throng the south window cracks will leave through the west window cracks 
or dsewhere. 

eDouble-hung wood windows with storm sash are assumed to have the same leakage per foot of crack 
as weatherstripp^ windows. The air leakage per foot of crack is about 19.5 cu ft per foot of crack for a 
wind velocity of 12.6 r^h. fSee Table 2, Chapter 8.) The heat equivalent of the air leakage per Qiour) 
(degree tempexature dircrence per foot of cxadO is obtained by multiphdng this value by 0.018, or 19.5 X 
0.018 - 0.36. 

din this problem the celling heat losses are calculated by estimating the attic tempexature and then 
calculating the loss through the celling using the proper temperature difference. This unheated attic is not 
ventilated during the winter months. The attic temperature is estimated from Equation 4 to be 30.2 F 
when the outside temperature is —10 F and the room temperature is 70 P. The temperature diffexence is 
therefore 70 — 80.2 or 39.8 F. 

eThe window crack in the west wall having two windows is used. 

fOne-half the total crack is used in these rooms. 

sTemi>erature in garage assumed to be 85 F. 

hCoeffident for wall adjoixdng garage calculated on basis of metal lath and plaster on both sides of 
studs. (Z7 0.39) 

iThe door crack is used for estimating the izifiltxation in this room and as the French doors are weather- 
stripped the Infiltration coefficient is assumed to be the same as in Note b. 

JThe leakage for the garage doors is assumed to be twice that for poorly-fitted double-hung wood windows 
or about 90 cu ft per foot of crack for a wind velocity of 12 5 mph. The infiltration coefikient is therefore 
0 018 X 90 or 1 62. 

kThe ground temi>eratuie is assumed to be 50 F and, as the garage temperature is 85 F, the heat transfer 
will be from the ground to the garage, and this heat gain should therefore be subtracted from the heat loss. 

mThe heat losses from various rooms into the garage are heat gains for the garage. 

nHeat is to be provided for the recreation room and this space is therefore figured on the basis of a 70 F 
tempexature. Heat loss into the basement from recreation room is neglected, the calculations being based 
only on losses through the outride walls, glass and floor. 

pThe upstairs hall ceiling is included with the downstairs entrance hall because these are connected by 
means of the stairway. The heat riiould be provided downstairs. 


Table 6. Summary of Heat Losses op Uninsulated Residence 
Heat losses given in Btu per hour 


Rook or Spaob 

Walls 

CsnJNQ AND Root 

Floor 

Glass aru Door 

Invilxratiom 

Totals 

Bedroom A 

5330 

6660 

■■1 

1440 

1010 

14,440 

Bedroom B 

3490 

4400 


1440 

1010 

10,340 

Bedroom C 

2660 

3300 


970 

500 

7,330 

Bedroom D 

2650 

3300 

960 

720 

600 

8,130 

Bathroom 1 

670 

1510 


600 

600 

3,180 

Bathroom 2 

1770 

960 

810 

320 

420 

3,780 

Living Room 

7260 




1800 

1120 

10,180 

Dining Room 

3720 



3880 . 

870 

8,470 

Kitchen 

2850 

, , 



960 

760 

4,660 

Lavette 

3000 





630 

4,630 

Entrance Hall 

870 

2490 



660 

4,560 

Garage 

-1030a 



-1660b 


2700 

3,530 

Recreation 

840 

— 

670 


490 

2,620 

Design Totals 

33,980 

22,620 

290 

17,890 

10,970 

86,760 

Operating Totals^ 

33,980 

22,620 

290 

17,890 

6,486 

80,265 

Percentages^ 

m 

28.1 

0.4 

22.3 

6.8 

100.0 


•Wall heat loss of 2110 Btu minus wall heat gain of 3140 Btu. 
hHeat gains: 960. 810 and 280 Btu. 
eBased on computed Infiltration. 
dBased on Operating Totals 
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Table 7. Summary of Heat Losses of Insulated Residence 
Heat losses given in Btu per hour 


Boon oa Spacs 

Walls 

CanxMO iNs Roof 

Floor 

Glass jlnd Door 

Infiltration 

Totals 

Bedroom A 

2670 

2370 


1440 

1010 


Bedroom B 

1760 

1570 



1440 

1010 


Bedroom C 

1280 

1170 

, , 

970 

500 

3,920 

Bedroom D 

1320 

1170 

690 

720 

600 

4,400 

Bathroom 1 

340 

540 


500 

500 

1,880 

Bathroom 2 

820 

340 

220 

320 

420 

2,120 

Living Room 

3580 



1800 

1120 

6,500 

Dinins: Room 

1860 

■ ■■ 


8880 

870 

6,610 

Kitchen 

1400 



950 

760 

8,110 

Lavette 

1460 



1100 

530 

8,090 

Entrance Hall 

440 

860 


640 

560 

2,490 

Garage 

-400a 


-1190b 

3410 

2700 

4,520 

Recreation 

840 

— 

570 

720 

490 

2,620 

Design Totals 

17,360 

8,010 

290 



54,520 

Operating Totals^ 


8,010 

290 

17.890 

6,485 

49,035 

Percentages^^ 

34.5 

16.3 

0.6 

36.5 

112 

100.0 

1 


aWall heat loss of 1050 Btu minus wall heat sains of 590» 320 and 540 Btu. 
hHeat gains* 690. 220 and 280 Btu. 

ABased on H computed infiltration. 
dBaaed on Operating Totals. 
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CHAPTER 15 




Design Temperatures, Components of Heat and Water Vapor 
Gains, Solar Radiation, Instantaneous Heat Gain From Glass, 
Periodic Heat Flow Through Walls and Roofs, Heat Bmis^ 
sion of Occupants, Heat Gain from Outdoor Air, Heat £m£s- 
sion of Appliances, Moisture Through Walls, Example of 
Cooling Load Estimate 


L oad calculations for summer air conditioning are more complicated 
than heating load calculations. Due to the variable nature of some 
of the contributing load components and the fact that they do not neces- 
sarily impose their maximum effect simultaneously, considerable care 
must be used in determining their phase relationship. 

DESIGN TEMPERATURES 

The conditions to be maintained in an enclosure depend upon several 
factors, especially the outside design conditions, duration of occupancy, 
and relationship between air motion, dry-bulb and wet-bulb temperatures. 
Information concerning the proper indoor effective temperature to be 
maintained is given in Chapter 12, for different geographical locations 
and for various age groups of individuals. Typical commercial design 
room conditions for the summer average peak load are shown in Table 1. 

Summer dry-bulb and wet-bulb temperatures of various cities are given 
in Table 2. The temperatures are not the maximums but the design tem- 
peratures which are suggested for air conditioning calculations. The 
maximum outside wet-b^ulb temperatures as given in Weather Bureau 
reports usually occur only from 1 to 4 per cent of the time, and because 
they are of such short duration it is not practicable to design a cooling 
system for them. The temperatures shown in Table 2 are based on 
available design conditions known to be applied successfully. 


COMPONENTS OF HEAT AND WATER VAPOR GAINS 

The sources of the gain of heat within a building are; 

1. Heat transferred through glass. 

2. Heat transferred, usually as periodic heat flow, through the building materials 
that do not directly transmit incident solar radiation. 

3. Heat emitted by occupants within the enclosure. 

4. Heat added due to infiltration of warm outdoor air and escape of cooler room air. 

5. Heat emitted by mechanical, chemical, gas, steam, hot water, and electrical 
applieinces located within the enclosure. 

The sources of gain of water vapor within a building are : 

1. Water vapor emitted by occupants. 

2. Water vapor added due to infiltration of outdoor air of higher humidity ratio and 
escape of room air of lower humidity ratio. 

3. Water vapor emitted by vaporization processes withm the enclosure. 

When there is an addition of heat to the enclosure, as is the case, for 
example, with direct transfer of solar radiation, periodic heat flow, and 
electric lighting, the rate of such addition of heat in Btu per hour is often 
called a component of the sensible heat gain. When there is an addition 
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Table 1. Typical Co3£Mercial Design Room Conditions 
FOR Summer Average Peak Load& 


Type of Installation 

Dry-Bxjlb 

Tmip 

Wht-Bulb 

Temp 

Relative 
Humidity 
Per Cent 

Grains 
Per Lb 

Effective 

Temp 

Deluxe Appli^tion 

78 

65 

50 

72.7 


Normal AppHraHnn 

80 

67 

51 

78.5 


15 to 40 min Occupancy 

82 

68 

49 

80.0 



^Values in Table 1 are for peak load conditions It is seneral practice to operate a system at approxi- 
mately 76 P and 60 per cent relative humidity at other than peak load. 


of water vapor to the air of the enclosure, the gain is often called a com- 
ponent of the latent heat gain. For example, when the humidity ratio of 
the air in a sealed enclosure is increased by water vapor emitted by 
human occupants, or by water vapor resulting from cooking processes, 
the heat required in both cases to vaporize the water does not come from 
the air. To maintain a constant humidity ratio in this sealed enclosure 
would require the condensation of water vapor in the cooling apparatus 
at a rate equal to the rate of its addition within the enclosure ; 3ie quantity 
of heat which would be removed in this process of condensation would be 
substantially equal to the product of the weight of water vapor emitted 
per hour and the latent heat of condensation of that vapor; this product, 
expressed in Btu per hour, would be called a latent heat gain. 

Any simultaneous addition of heat and water vapor constitutes a 
source of both sensible heat gain and latent heat gain. For example, 
human occupants add both heat and water vapor, and the heat necessary 
to vaporize the water comes from the body rather than from the room mr. 
Infiltration of outdoor air with a high dry-bulb temperature and a high 
humidity ratio and the accompanying escape of room air at a lower dry- 
bulb temperature and a lower humidity ratio constitute a source of both 
sensible heat gain eind latent heat gain. Also, positive supply of outdoor 
air through the air conditioning apparatus and the exhaust of room air 
will, under the conditions just named, be a source of sensible heat gain 
and latent heat gain, although it may be advantageous in the analysis 
of the cooling load to separate gains of heat within the conditioned space 
from apparatus heat gains. 

SOLAR RADIATION 

Solar radiation is received on a plane perpendicular to the rays of the 
sun (normal incidence) outside the earth's atmosphere at the rate of 
about 420 Btu per (hour) (square foot). Before this radiation reaches a 
plane of normal incidence at the surface of the earth, part is scattered by 
air, water vapor, and dust. Such scattered radiation, or sky radiation, 
is not changed appreciably in wave length but will then be incident upon 
building surfaces which do not receive direct solar radiation at the same 
time, a familiar example being sky radiation incident upon north vertical 
glass in the middle of the day in north latitudes. Also some constituents 
of the earth's atmosphere, notably water vapor, carbon dioxide, and 
ozone absorb radiant energy. The total radiation, made up of direct and 
sky radiation, which reaches a plane perpendicular to the sun's rays at 
the earth's surface is less than 420 Btu per (hour) (square foot). 

Standard values of the direct solar radiation incident upon a plane 
perpendicular to the sun's rays at the earth's surface suitable for many 
engineering calculations have been proposed by P. Moon \ These values 
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Table 2. Suggested Design Dry-Bulb, and Wet-Bulb Temperatures and 
Wind VELoaxiEs for Period June Through Septembers 



Col. C 

Groxjnd elevation 

AT WEATHER STATION 
FT 


Col. D 
Design 
Dry-Bulb 
F 


Col E 
Design 
Wet-Bxe3 
F 


Col F 
Avg Wind 
VELO aTY 
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Table 2. Suggested Design Dry-Bulb and Wet-Bulb Teiiperatures and 
Wind Velocities for Period June Through September^ (Concluded) 


Col. a 

State 

Col. B 

Cm 


Pttnn 

TST. w 

Tonopah 

Wmnemucca 

rnnortrrf 

M. r . 

Atlantic Citv. .. . 

M. ik. 


M V. 


^nftt 

Albany 

Mr 

■RiiflFttln 

runtnn 

MamVnrtr 

nmiragrn.. 

fiyrarnsc ,, 

AttbaTnIla 


rhnrlAtta 


RftWgb 

Wilmington.. .. 

N. Dak. 

■Ri^wnflrclr 


DawilB Ij*ta 

firanrf Fftrlrti . 

Wiltiflton __ . 

rmc^nnati __ 

nwa. 

Clexreland 

EJESSSSSSSSBBS 

1 (irftVffiBa 



■Rftkar ” . _ 

P* 

Medford. 

Portland 

Ene 





Scranton . _ I 

Providence— 1 

5 J. C- - 


S, nnV. 

Cobimbfa. ___ 

Wnron. _ 


Pierre.... ..... 

Tptiti- 

Rapid City 

rhattanoogft _ 

T«fl* _ _ 

]^oacvilleJ! ... . 

Memphitt 



Abilana 


Amarillo. 


Brownsville 

Corpus ChristL 

Dd Rio 


PI PttttO 

Pt. Worth 


PttlaHtfne 


TTtftb ____ 

Modena 

Salt Lake Qty 

Vf!. 

V« - 

Lynchburg ___ 


NTorfolt ^ 

Ri<^bmond , , 

Wytbavilla ____ 

Settle.-.- 

W-Vft. 

Spol«>ne___ 

Tfltootth 

Walla Walla 

Vtttima ^ 


Witt. 

Parterabnrg 

Graan Rtty^ 

Wyn _ . 

TfR 

Mllvraulraa 

W^^•^lPaU, r 

Chayanna 


Lander 



COL. C 

Ground elevation 

AT WEATHER STATION 
FT 

CoL. D 
Design 
Dry- Bulb 

F 

Col. E 
Design 
Wet-Bulb 

F 

Col F 
Avg Wind 
Velocity 

MPH^ 

4897 

95 ^ 

62 

7.4 

6087 

95 

65 


4288 

95 

65 


399 

90 

73 

56 

8 

95 

78 


5814 

94 

66 

7.6 

3568 

98 

72 


6812 

90 

65 

6.5 

119 

89 

72 

7.1 

693 

87 

72 

12.2 

406 

95 

75 

12.9 

10 

91 

76 

12.9 

292 

93 

73 


399 

93 

73 


2203 

90 

76 

5.6 

753 

95 

76 


12 

95 

78 


400 

94 

77 

5.9 

6 


78 

6.9 

1650 

95 

73 

88 

1472 

95 

73 


832 

95 

73 


1877 

95 

72 


761 

95 

77 

56 

787 

98 

73 

11.2 

724 

95 

77 


765 


76 


1280 


76 

10 i 

8445 

95 

70 


1814 

90 

65 


80 

89 

66 

6.6 

654 

95 

74 

— — 

835 

95 

75 


26 

95 

78 

9.7 

1248 

91 

73 

9.0 

746 

95 

75 



12 

98 

75 


9 

92 

79 

9.9 

332 

95 

78 



1282 

99 

72 


1719 

95 

75 


8215 

96 

67 

7.3 

689 

95 

77 

6.5 

949 

98 

75 

5.8 

269 

98 

79 

7.4 

585 

98 

78 



1752 


78 


3590 

97 

70 

11.5 

16 

92 

79 


10 

100 

80 



957 

100 

76 

. ■ 

8710 

97 

69 

8.6 

688 


78 

94 

7 

95 

80 

9.7 

492 


78 


782 

98 

77 

7.8 

5460 

92 

63 



4222 

97 

63 

8.2 

898 

90 

73 

89 

631 

95 

76 

. __ 

11 

96 

78 

10.9 

162 

95 

78 

6.2 

2299 

95 

76 

- 

14 

80 

65 

8.1 

1955 

93 

62 

65 

101 

85 

65 



949 

90 

70 


1068 

90 

68 


1969 

95 

75 

...... 

615 

95 

76 

5.3 

593 

91 

73 

9.1 

664 

93 

76 

6.4 

674 

95 

75 

10.4 

1221 

95 

76 



6139 

95 

65 

9.2 

5852 

95 

66 

- 

6239 

95 

65 

— 


‘Compiled from U. S. Weather Bureau Records and vaifous other sources. 
^Blank spaces indicate data not available. 
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Table 3. Proposed Standard Values of In, Direct Solar Radiation 
Received at Normal iNdDEcsrcE, at the Earth’s Surface 


Solar 

Altitude 

dL 

l-a 

Btu per 
(Hr) (Sq ft) 

Solar 

Altitudb 

A . 

in 

Btu per 
(Hr) (SqFt) 

Solar 

Altitude 

dL 

Btu per 
(HR)(SQP r) 

5 

65 

30 

234 

60 

276 

10 

122 

35 

245 

70 

283 

15 

165 

46 

253 

80 

289 

20 

196 

45 

260 

90 

294 

25 

219 

50 

266 




are calculated using the following assumptions: barometric pressure of 
760 mm Hg (29.921 in.) j depth of predpitable water of 20 mm (0.787 in.) ; 
dust particles, by counting, 300 per cc; partial pressure of the ozone layer 
in the atmosphere of 2-8 mm Hg (0.110 in.). The direct solar radiation 
received at normal incidence at the earth’s surface depends, then, upon 
the altitude of the sun above a horizontal plane, and proposed standard 
values adapted from Moon’s data are given in Table 3. Many of the 
data on solar radiation that follow are useful, not only in estimating 
cooling loads, but also in making calculations for solar heating. 

The ratio of the direct solar radiation to the sky radiation received 
upon a horizontal plane at the surface of the earth depends upon solar 
altitude, time of year, cloudiness, and locality. Data are meager, but 
Table 4 gives approximate values of such ratios on dear days during the 
summer months in eastern states as a function of solar altitude alone. 

INSTANTANEOUS HEAT GAIN FROM GLASS 

When solar radiation, either direct or scattered, is inddent upon glass, 
a fraction of the total (the transmissivity) is transmitted directly, a 
fraction (the absorptivity) is absorbed, and the remeiining fraction (the 
reflectivity) is reflected. Under conditions of steady heat flow with 
negligible storage of heat in the glass, the energy absorbed by the glass 
must be transferred by convection and radiation at either or both of its 
surfaces. 

If the temperature of the various surfaces of the endosure and its 
furnishings be assumed equd to the temperature of the indoor air and if 
the thermal resistance of the glass be ignored, then heat is transferred 
by convection from the inside surface of glass to indoor air and by radia- 
tion to the surrounding solid surfaces exposed within the endosure at the 
instantaneous rate of : 

• Oa ft) + (ttd Zd + 0'S Zb) (1) 


Table 4. Approximate Ratio of Direct Solar Radiation to Sky Radiation 
Received on a Horizontal Surface on Clear Days in Eastern States 


Solar 

Altitude 

j 

Dbg 

Ratio 


Ratio 

Solar 

Altitude 

Dbg 

Ratio 


0 

40 

3.84 


5.63 


1.40 

50 

4.55 

80 

5.90 


2.30 

60 

5.20 

90 

6.10 


3.10 
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where 

/ g \ Instantaneous rate of heat transfer from inside surface of glass of heat 
\ A )i ^ conducted through glass and radiation absorbed by glass, Btu per Qiour) 
(square foot). 

Z7g = Over-all coefficient of heat transfer of glass, Btu per (hour) (square foot) 
(Fahrenheit degree). 

h. = Temperature of outdoor air, Fahrenheit degrees, 
ft = Temperature of indoor air, Fahrenheit d^ees. 

/o = Film coefficient of heat transfer of outdoor air, Btu per (hour) (square foot) 
(Fahrenheit degree). 

od = Absorptivity of glass for direct solar radiation, dimensionless. 

Os = Absorptivity of glass for sky radiation, dimensionless. 

2d ^ Direct solar radiation incident upon glass, Btu per (hour) (square foot), 
/g Sky radiation incident upon glass, Btu per (hour) (square foot). 

The instantaneous rate of direct transmission of direct solar and sky 
radiation to the solid surfaces within the room which receive this radia- 
tion is: 

{^^^2 “ + 'Cs h (2) 

where 

Td = Transmissivity of glass for direct solar radiation, dimen- 
sionless. 

Tg = Transmissivity of glass for sky radiation, dimensionless. 

( g \ = Instantaneous rate of direct transmission of solar and sky 
A )2 radiation through glass, Btu per (hour) (square foot). 

g _ / jg^ , / « Total instantaneous rate of heat gain from glass, Btu 

^ “ V A \ ^ /2 per (square foot). 

Parmelee ^ has evaluated the effects of the controlling variables upon 
heat gain from glass. For a single sheet of common window glass with 
an index of refraction of 1.526 and a product of extinction coefficient and 
thickness of 0.054, Parmelee found Tg = 0.778 and a# = 0.06; although 
the absorptivity for direct solar radiation varies with angle of incidence, 
for this glass ad is substantially constant and equal to 0.08. The trans- 
missivity for direct solar radiation of this glass, Td, depends upon angle 
of incidence with values interpolated from Parmelee’s results as shown 
in Table 5. 

For one thickness of common window glass, the instantaneous rate 
of heat transfer from the inside surface of the glass to the surroundings 
by convection and radiation becomes: 

(-|-)^ = 1.04 («a - ft) + 0.022 li + 0.0165 Is (la) 

For one thickness of common window glass, the instantaneous rate of 


Table 5. Transmissivity for Direct Solar Radiation of Common Window Glass 


Angle of 

iNCIDBNGSa 

Deg 


Angle OF 
Incidence* 
Deg 

Transmissivity 

•Cd 

Angle of 

INCIDBNCB* 

Dbg 

Transmissivity 

Td 

0 


50 

0.83 

80 

0.41 

20 


60 


90 

0 

40 

0.85 

70 

0.65 




*Of Direct Solar Radiation. 
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direct transmission of direct solar and sky radiation to the surfaces of the 
room on which such radiation is incident is: 

(■^)2 = Td /d + 0.778 Js (2a) 

Similar equations with other constants apply to glass of other qualities 
or in other arrangements, as heat-absorbing glass or glass in multiple 
layers. 

The altitude of the sun and the angle of incidence of direct solar radia- 
tion on horizontal surfaces may be found when the latitude of the surface 
and the solar declination and hour angle are known; for vertical surfaces, 
the angle of solar incidence also depends, of course, upon the orientation of 
the surface *. The sky radiation incident upon a vertical surface may be 
assumed to be one-half of that incident upon a horizontal surface in the 
same latitude at the same time. 

Example 1. Find the instantaneous rate of heat gain within an enclosure from a 
single thickness of horizontal, common, unshaded glass at a north latitude of 40 d^ when 
the solar declination is 21.5 d^ and the sun time is 3 p. m. The temperature of the out- 
door air is 95 F and the temperature of the indoor aur and room surfaces is 80 F. The 
solar altitude, may be found to be 47.7 d^, and the angle of incidence (90 — of 
direct solar radiation upon the horizontal glass is 42.3 d^. 

From Table 3, the direct solar radiation at normal incidence for ^ » 47.7 deg is 
In “ 263 Btu per (hour) (square foot). 

The direct solar radiation incident upon a horizontal surface is Id = 263 cos (42.3 
deg) “ 194 Btu per (hour) (square foot). 

The ratio of direct solar to sky radiation on a horizontal surface for ^ — 47.7 deg is 

found from Table 4 to be = 4.40. 

•^8 

The sky radiation incident upon the horizontal surface is: 

194 

Jg « = 44 Btu per (hour) (square foot). 

The instantaneous rate of heat gain by convection and radiation from the room surface 
of the glass is, from Equation la, 

(-^)^ = 1.04 (96 - 80) + 0.022 (194) + 0.0165 (44) 

= 20.6 Btu per (hour) (square foot). 

The transmissivity of the glass for direct solar radiation for an angle of incidence of 
42.3 d^ is found from Table 5 as 0.8^. 

The mstantaneous rate of heat gain due to direct transmission of solar and sky radia- 
tion is found from Equation 2a as: 

= 0.845 (194) -f 0.778 (44) = 198.2 Btu per (hour) (square foot). 

The total instantaneous rate of heat gain from unshaded horizontal glass is: 

^ (hour) (square foot). 

_ Example 2. ^ Same as Example 1 but for west ^lass. The angle of incidence of the 
direct soku- radiation upon west glass at the ^ven time in the given locality may be found 
to be 48.95 deg. The direct solar radiation incident upon the west glass is: 

Jd = /n cos (48.95 d^) = 263 (0.6567) « 173 Btu per (hour) (square foot). 

The sky radiation incident upon the vertical glass may be taken as one-half of that 
incident upon horizontal glass at the same time, or 

Is = 0.5 (44) = 22 Btu per (hour) (square foot). 

The instantaneous rate of heat gain by convection and radiation from the room surface 
of the glass is: 

= 1.04 (95 - 80) + 0.022 (173) + 0.0165 (22) - 19.8 Btu per (hour) (square 
foot). 

The transmissivity for direct solar radiation for an angle of incidence of 48.95 deg is 
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0.83 from Table 6, and the instantaneous rate of heat gain due to direct transmission of 
direct solar and sky radiation is: 



= 0.83 (173) -f- 0.778 (22) = 160.7 Btu per (hour) (square foot). 


The total instantaneous rate of heat gain from the unshaded west glass is: 

= (^)l (^)2 “ (hour) (square foot). 


Heat Gain and Cooling Load 

Some instantaneous rates of heat gain within an enclosure are not 
transmitted undiminished and without time lag into cooling loads on the 
air conditioning apparatus By way of illustration, consider the 
instantaneous rate of heat gain from west glass in Example 2. The 
instantaneous rate of heat gain by convection and radiation from the 
room surface of the glass is substantially 20 Btu per (hour) (square foot) ; 
of this, about 7 Btu per (hour) (square foot) are being transferred by 
convection to the air of the enclosure and constitute an instantaneous 
cooling load. If the small amount of radiant energy which is absorbed 
by the water vapor and carbon dioxide in the air of the enclosure be 
ignored, the remainder of the total gain of heat from the glass (consisting 
of the 13 Btu per (hour) (square foot) transferred by radiation from the 
inside surface of the glass to ceiling, w^ls, floor and surfaces of furnishings 
in the room and the 161 Btu per (hour) (square foot) transmitted directly, 
principally to the floor or floor covering, does not constitute an immediate 
and undiminished load on the cooling apparatus. 

The solid surfaces of the room which receive this radiant energy must 
absorb it and then transfer h^t by convection to the room air b^ore the 
load is felt by the air conditioning equipment. To make a simplif 5 dng 
assumption in further explanation of this process, it is assumed that all 
surfaces receiving this radiant energy within the room are wanned at the 
same rate; and it is assumed also that there are 20 sq ft of non-glass 
surface in the room per square foot of glass surface. To transfer the 
radiant energy that is being received by these surfaces by convection at 
the same rate to the room air would require that these surfaces be warmed 
to a temperature at least 15 deg higher than that of the air. Such warming 
requires time due to the heat capacity of the solid material involved, and 
while this material is being warmed, the instantaneous rate of heat gain 
within the enclosure is constantly changing. The process is one of 
unsteady heat flow with storage of heat, and the net effect is that the 
cooUng load due to west glass at 3 p. m. will undoubtedly be some fraction 
of the instantaneous rate of heat gain from west glass at an earlier time 
of day. 

There are other heat gains which have considerable components in the 
form of radiated energy. These include lighting, people, and apparatus. 
If the radiant component of the heat gain is steady over a long period 
of time, the difference between instantaneous heat gain and instantaneous 
cooling load on air conditioning apparatus is not significant. More study 
would be required to evaluate the time lag and the ratio of instantaneous 
cooling load to instantaneous rate of heat gain due to radiant heat emis- 
sion from sources with fluctuating rates of such emission. At present, 
however, it seems reasonable to assume that this ratio is about 0.8 or 0.9. 

The instantaneous total rate of heat gain from sunlit glass is given 
in Table 6 as calculated by the application of the principles previously 
explained. As the values given are for a relatively clear atmosphere^ it may 
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Table 6. Total Instantaneous Rates of Heat Gain Through Single, Unshaded, 
Common Glass, for Variously Oriented Vertical and for Horizontal Positions®*^ 

Data for Solar DecUnaMon of 17.6 Deg — August 1 


Sun 

Time 

SOLAE 

Altitude 

dIc 

Total Instantaneous Rate of Heat Gain, Btu per 

Hour for Each Square Foot of Unshaded Glass 

N 

NE 

E 

SB 

S 

SW 

W 
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Table 6. Total Instantaneous Rates of Heat Gain Through Single, Unshaded, 
Common Glass, for Variously Oriented Vertical 
AND FOR Horizontal Positions^.^ — (Concluded) 


Sun 

Tme 


Solar 

Altitudb 


Dbg 


N 


Total Instantaneoxjs Rate of Heat Gain. Btu per 
Hour for Each Square Foot of Unshaded Glass 



E 

SE 

S 

sw 

w 


Horizontal 


46 Deg North Latitude 


5 a.m. 

2.0 

0 

23 

23 

8 

mm 

1 

1 

1 

2 

6 

12.6 

22 

111 

129 

68 


6 

6 

6 

28 

7 

23 0 

13 

136 

182 

121 


11 

11 

11 

82 

8 

33.5 

14 

116 

192 

153 

24 

14 

14 

14 

141 

9 

44.0 

16 

63 

168 

166 

56 

15 

16 

15 

189 

10 

63.0 

16 

22 

123 

164 

88 

16 

16 

16 

225 

11 

600 

16 

16 

66 

127 

113 

30 

16 

16 

249 

12 

63.0 

16 

16 

16 

76 

119 

76 

16 

16 

256 

1 p.m 

60.0 

16 

16 

16 

i 30 

113 

127 

56 

16 

249 

2 

63.0 

16 

16 

16 

16 

88 

164 

123 

22 

225 

3 

44.0 

15 

15 

16 

i 15 

55 

166 

168 

63 

189 

4 

33.6 

14 

14 

14 

14 

24 

153 

192 

116 

141 

5 

23.0 

13 

11* 

11 

11 

11 

121 

182 

135 

82 

6 

12.6 

22 

6 

6 

6 

6 

68 

129 

111 

28 

7 

2.0 

9 

1 

1 

1 1 

1 

8 

23 

23 

2 


SO Deg North Latitude 


5 a.m. 

4.5 

18 

48 

48 

17 

2 

2 

2 

2 

6 

6 

13.6 

22 

119 

139 

76 

6 

6 

6 

6 

32 

7 

23.5 

11 

131 

183 

127 

11 

11 

11 

11 

84 

8 

33.0 

13 

103 

190 

161 

30 

13 

13 

13 

138 

9 

42.0 

14 

61 

166 

173 

69 

14 

14 

14 

179 

10 

60.0 

16 

19 

122 

166 

109 

16 

16 

16 

214 

11 

56.0 

16 

16 

55 

138 

133 

41 

16 

16 

236 

12 

58.0 

16 

16 

16 

92 

140 

92 

16 

16 

242 

1 p.m. 

56.0 

16 

16 

16 

41 

133 

138 

65 

16 

235 

2 

50.0 

16 

16 

16 

16 

109 

166 

122 

19 

214 

3 

420 

14 

14 

14 

14 

69 

173 

165 

51 

179 

4 

330 

13 

13 

13 

13 

30 

161 

190 

103 

138 

5 

235 

11 

11 

11 

11 

11 

127 

183 

131 

84 

6 

13.5 

22 

6 

6 

6 

6 

76 

139 

119 

32 

7 

4.6 

18 

2 

2 

2 

2 

17 

48 

1 48 

5 


aTable compiled from solar radiation transmission data developed by A S H V.E Research Labora- 
tory* and direct Intensity values developed by Moon^, recently enlarged and revised by the A S.H.V.K 
Research Laboratory. 

hFor relatively clear atmosphere at sea level. For hazy atmosphere values may be reduced 10 per cent. 
Above sea level add one per cent per 1000 ft elevation 


be necessary to reduce the values by as much as 10 per cent where the 
atmosphere is hazy from industrial smoke or other causes. Also, the 
values are for sea level and approximate correction for altitude may be 
made by increasing the values one per cent for each thousand feet of 
altitude. In preparing these tables, itie declination of the sun was taken 
as 17.5 deg (August 1) ; if the instantaneous rate of heat gain is desired 
for some declination of the sun other than 17.5 deg, use the latitude that 
differs from that of the locality by the difference of the declination from 
17.5 deg. For example, assume that the instantaneous rate of heat gain 
from glass is required for Philadelphia in the middle of June; the solar 
declination in mid-June is about 23.5 deg, and the latitude of Philadelphia 
is 40 deg; the table for 45 deg north latitude will give approximately the 
correct results. 

Heat Absorbent Glass 

Values shown in Table 6 give the total instantaneous rates of heat gain 
through a single sheet of sunlit common glass. The extinction (or 
absorption) coefficients of so-called heat absorbing glasses are several 
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Table 7. Ratio of Total Instantaneous Rate of Heat Gain Through Single 
Thickness of Sunlit Glass to Heat Gain for Common Glass as Given in Table 6 


Tbans- 

MISSIVITY* 

Approximate 

Ratio 

Trans- 

MISSIVITYa 

Approximate 

Ratio 

Trans- 

missivity* 

Approximate 

Ratio 

0.87 

1.0 

0.60 


■EEM 

0.52 

0.80 

0.93 

0.60 

0.68 


0 45 

0.70 

0.85 

0.40 

0.60 




&For direct solar radiation at normal inadence. 


times as great as for common glass. As a consequence, the absorptivity 
of a heat-absorbing glass is greater and the transmissivity less than the 
values for common glass in the same thickness. In the preparation of 
Table 6, the transmissivity of common glass for direct solar radiation at 
normal incidence was taken as 0.87 ; for glasses with other transmissivities, 
the total instantaneous rate of heat gain may be multiplied by approxi- 
mate factors which are given in Table 7. 

Multiple Glass Layers 

By using two or more layers of glass separated by air spaces, the 
absorptivity is increased and the transmissivity decreased. Values for 
some combinations appear in the work of Parmelee A rough approxi- 
mation which holds fairly well until the angle of incident radiation be- 
comes large is that the transmissivity of the combination is the product 
of the transmissivities of the component layers, while the absorptivity 
of the combination is the absorptivity of the outer glass plus the product 
of the absorptivity of the inner glass and the transmissivity of the outer. 

Shading of Glass 

The rate of gain of heat through sunlit glass may be considerably 
reduced by proper shading, and the possibility of such shading should be 
investigated whenever heat gain from glass constitutes a large portion of 
the cooling load. 

Vertical glass which is not mounted in the plane of the building surface 
is partially shaded by the setback. If a vertical window of height I and 


Table 8. Values of Angle y for August 1 
(^For Use in Equation S) 


North 

Latitude 

Deg 

Sun Time 

Angle T — Degrees 

East Glass 

South Glass 

West Glass 


9 a.m. 

5 

85 


30 

12 noon 

90 

0 

90 


3 p.m. 


85 

5 


6 p.m. 

.... 

90 

16 


9 a.m. 

16 

74 


40 

12 noon 

90 

0 



3 p.m. 


74 

16 


6 p.m. 

.... 

90 

14 


9 a.m. 

25 

65 


50 

12 noon 

90 

0 

m 


3 p.m. 


65 

25 


6 p.m. 

.... 

90 

12 
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Table 9. Effect of Shading Upon Total Raxes of Instantaneous 
Heat Gain Through Glass 


Type of Shading 

Finish 

Fraction of Gain 
Through Unshaded 
Window 

Outside Shading Screen: metal slats 0.050 in. 
wide, spaced 0.063 in. apart and set at 17 

Dark 

0.20-0 35 

d^ angle with horizontal. 

Canvas Awning 

Dark 

0.25-0.35 

Outside Venetian Blind: slats at 45 deg, ex- 
tended as an awning without sides to cover 

Light 

0.35-0.50 

approximately two-thirds of window. 

Inside Roller Shade: fully drawn. 

Aluminum 

Approx. 0.45 

Outside Venetian Blind: slats at 45 deg, fully 

Aluminum 

Approx. 0 6 

covering window. 

Inside Venetian Blind: slats at 45 deg, fully 

Aluminum 

0.65-0.80 

covering window. 

Inside Roller Shade: half drawn. 

BuflF 

Approx. 0.7 

Inside Roller Shade: half drawn. 

Dark 

0 90-0.95 


width w be set back from the plane of the building a distance Sj the 
fraction of the total area of the window which receives direct solar radia- 
tion is: 

Gf = 1 — f 1 tan p — fa tan y + ri tan ^ tan f (3) 

where 

Ti == s/l, fa =* sjw^ p =* solar altitude, and f is the angle between the traces on a 
horizontal plane of the edge of the wall or frame providing shading and of the direct 
rays of the sun. 

Solar altitudes are given in Table 6 for August 1 and various latitudes. 
Values of the angle y for August 1 and three north latitudes are given in 
Table 8 for east, south, and west glass. Similar tables may be prepared 
for other dates of interest in solar heating studies. 

Example S, Estimate the instantaneous rate of heat gain from a west wmdow 3 ft 
wide by 5 ft high with a setback of 6 in. for August 1 and a north latitude of 40 deg at 
3 p. m. (sun time). 

From Table 6, the instantaneous rate of heat gain per square foot of sunlit glass is 
172 Btu per hour. From the same table, the solar altitude is 45.5 d^. From Table 8, 
the angle y is 16 d^, from Equation 3, the fraction of the total window area that is 
receiving direct solar radiation is: 

Gf = 1 — 0.1 tan 45.5 — 0,167 tan 16 -f 0.0167 tan 45.5 tan 16. 

= 1 - 0.102 - 0.048 -h 0.005 = 0.855 

Although the heat conducted through the gkss and the sky radiation transmitted 
are not reduced in proportion to the shading from direct solar radiation, it is approxi- 
mately correct to estimate the instantaneous rate of heat gain from this window as: 

g = 3 X 5 X 0.855(172) *= 2206 Btu per hour. 

The desirability of providing additional shading for this window is 
obvious from the high rate of heat gain. Shading devices include awnings, 
shades, and screens. In Table 9 are given the ratios of the instantaneous 
rates of heat gain from windows shaded by different indoor and outdoor 
shading fixtures to the rate of heat gain from unshaded glass according 
to tests ® at the A.S.H.V.E. Research Laboratory. There are a number 
of variables affecting these ratios such as color, fit, solar altitude, and 
angle of incidence of the solar radiation. These values, therefore, must 
be considered as approximate, only, and will have to be used with con- 
siderable judgment. An inside shade is effective to the extent of its 
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Table 10 . Instantaneous Total Rates of Heat Gain Through 
Glass Blocks on August 1 


Total Instaittakbous Rate of Heat Gain, Btu per 
Hour for Each Square Foot of Sunlit Glass 


Sun Time 


Vertical Surface Facing 



East 

West 

South 

North Latitude, 
Deg 

80 to 46 

30 to 46 

30 

35 

40 

45 

7 a.m. 

61 


-4.6 

-2.0 

-0.5 


8 

78 


0.0 

2.0 

4.0 


9 

74 

6.0 

5.0 

7.0 

10 


10 

58 

6.5 

11 

15 

18 


11 

46 

75 

17 

22 

26 


12 noon 

37 

11 

22 

28 

34 


1 p.in. 

30 

22 

25 

32 

89 


2 

24 

35 

26 

32 

39 

47 

3 

20 

55 

24 

30 

87 

46 

4 

16 

77 

20 

26 

82 

41 

5 

13 

86 

15 

20 

25 

84 

6 

11 

55 

9.5 

14 

18 

26 

7 

8 

19 

35 

7.0 

1 11 

18 


reflectivity, for the portion of the solar radiation directly transmitted by 
the glass that is absorbed by the shade is transferred by convection to the 
room air and by radiation to the solid surfaces of the room. 

The instantaneous total rates of heat gain through glass blocks are 
given in Table 10 for various times of day for south, east, and west 
exposures for different latitudes on August 1. The table is based upon 
a temperature of the indoor air of 78 F and for a design day having a 
maximum temperature of 95 F. The values are from data obtained by 
the A.S.H.V.E. Research Laboratory^ and are averages for four typical 
glass block designs, two with smooth exterior faces and the other two 
with ribbed exterior faces. 

PERIODIC HEAT FLOW THROUGH WALLS AND ROOFS 

The flow of heat through building walls or roofs that do not transmit 
solar radiation directly is a complex process under the usual summer con- 
ditions where the temperature at a given point in the material does not 
remain constant with respect to time. Although the temperature of the 
indoor air may be held constant, the solar and sky radiation incident 
upon the weather side of the structure, as well as the temperature of the 
outdoor air, vary considerably with time, with the result that the in- 
stantaneous maximum rate of gain of heat within the enclosure lags 
behind the instantaneous maximum rate of entry of heat into the weather 
side of the material and may be considerably less than this rate of entry. 
In effect, the instantaneous rate of heat gain within the enclosure is some 
fraction of the instantaneous rate of heat entry on the weather side at an 
earlier time; the greater the heat capacity of the material, the greater is 
the time lag and the smaller is the ratio of rate of heat gain to rate of 
heat entry. Some results are available from A.S.H.V.E. — Cornell Uni- 
versity cooperative research and other studies of the subject ®. 

Sol-Air Temperature 

Outdoor design conditions must be established before the rate of heat 
gain may be estimated. A convenient way of combining the effects of 
solar and sky radiation, solar absorptivity, temperature, and air move- 
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ment is to use the concept of sol-air temperature. For either steady or 
unsteady flow of heat, the instantaneous rate of heat entry into the 
weather side of a sunlit building material that does not tremsmit, directly, 
solar or sky radiation is: 


where 



= + /o — ^l) Btu per (hour) (square foot). 


h = Absorptivity of weather side of material for inadent solar and sky radiation. 
I = Rate of incidence of solar and sky radiation, Btu per (hour) (square foot). 
tL — Temperature of weather surface of the material, Fahrenheit d^ees. 


Let the sol-air temperature be defined as: 

<e = + 4^ (4) 

Jo 

Then, the instantaneous rate of heat entry into the weather side of the 
structure is: 


The sol-air temperature, /e, is the temperature of outdoor air which, 
in contact with the weather side of a material that was receiving no solar 
or sky radiation, would give the same rate of heat entry into that surface 
as exists with the actual combination of incident solar and sky radiation 
and temperature of the outdoor air. For example, if 4 = 90 F, 5 = 
0.7, I = 200 Btu per (hour) (square foot), and/o = 4, the sol-air tem- 
perature is: 


te 


90 + 


0.7 (200) 
4 


= 125 F. 


Table 11. Summer Design Sol-Air Temperatures for New York, N. Y. 
(North Latitude 40°46'; Elevation 180 Ft) 


Sol-Air Tsmpsraturb, ie Fahrenheit Degrees 


Sun Tdib 



Any Surface 

Horizontal 


East 

South 

West 

b 

Ratio* 

0 

0.25 

0.25 

0.25 

0.25 

0.25 

fo 







12 midnisht 

79 

79 

79 

79 

79 

79 

1 a.m. 

78 

78 

78 

78 

78 

78 

2 

77 

77 

77 

77 

77 

77 

3 

77 

77 

77 

77 

77 

77 

4 

76 

76 

76 

76 

76 

76 

5 

76 

76 

76 

76 

76 

76 

6 

76 

81 

80 

89 

77 

77 

7 

80 

96 

85 

106 

82 

82 

8 

82 

110 

85 

114 

86 

85 

9 

86 

127 

90 

120 

97 

90 

10 

88 

137 

92 

114 


92 

11 

90 

148 

94 

106 

111 

94 

12 noon 

92 

155 

97 

97 

115 

98 

1 p.xn. 

93 

154 

98 

98 

117 

108 

2 

94 

152 

99 

99 

112 

126 

3 

94 

144 

99 

99 

102 

136 

4 

94 

136 

99 

99 

99 

145 

5 

93 

121 

103 

97 

97 

140 

6 

90 

106 

106 

93 

93 

134 

7 

88 

93 

102 

90 

90 

115 

8 

85 

85 

85 

85 

85 

85 

9 

83 

83 

83 

83 

83 

83 

10 

82 

82 

82 

82 

82 

82 

11 

81 

81 

81 

81 

81 

81 

24-hr avg. ha 

84.8 

106.4 

88.5 

92.3 

90.7 

96.5 
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In other words, the instantaneous rate of entry of heat into the weather 
side of this material is precisely the same as if the air temperature were 
126 F with no solar and sky radiation incident upon the surface. 

Data of the U. S. Weather Bureau for the 10-year period from 1932 
through 1941 have been studied for New York, N. Y., and Lincoln, 
Nebr.®. Only simultaneous values of the air temperature and solar and sky 
radiation have been combined in determining design values of the sol-air 
temperature for various surfaces at diflFerent times of day in these locali- 
ties. Since the 24-hour average of the sol-air temperature is greater in 
July than for any other month at both stations, the sol-air temperature 
at each hour in July which was equalled or exceeded at that hour only 
16 times in 310 observations was chosen as the design sol-air temperature. 

Summer design sol-air temperatures are given in Table 11 for New 
York, N. Y.; Table 12 gives similar data for Lincoln, Nebr. 

The solar absorptivity, 6, of a surface depends principally upon color 
with the following approximate values suggested: 

h = 0.4 for white and other light colors. 
h = 0.7 for red and other medium colors. 
h = 1.0 for black and very dark colors. 

An example of the use of the tables in determining sol-air temperature 
is given. 

Example 4> Find the summer design sol-air temperature for a west wall in New York, 
N. y., which has a solar absorptivity of 0.7, at a sun time of 3 p. m. 

b 0 7 

Use/o = 4; then y- for this wall is -j— or 0.175. 


Table 12. Summer Design Sol-Air Temperatures for Lincoln, Nebr. 
(North Latitude 40°60'; Elevation 1226 Ft) 


SOL-AZR TSMPBaATUSB. tt» Fahrbnbbxt Dbgrbes 


Sun Time 



Any Surf^ 

Horizontal 

North 

East 

South 

West 

b 

Ratio: 

fo 

0 

0.25 

0 25 

0.25 

0.25 

0.25 

12 midnifl^t 

89 

89 

89 

89 

89 

89 

1 a.ni. 

88 

88 

88 

88 

88 

88 

2 

86 

86 

86 

86 

86 

86 

3 

84 

84 

84 

84 

84 

84 

4 

84 

84 

84 

84 

84 

84 

5 

82 

82 

82 

82 

82 

82 

6 

81 

87 

88 


82 

82 

7 

82 

103 

93 

125 

85 

85 

8 

88 

124 

94 

137 

92 

92 

9 

93 

143 

98 

142 


98 

10 

96 

160 

102 

138 

116 


11 


172 

106 

129 

125 

106 

12 noon 

102 

178 

108 

115 


108 

1 pan. 

104 

180 

110 

110 

132 

119 

2 

106 

178 

112 

112 

131 

137 

3 

107 

170 

113 

113 

126 

150 

4 

107 

158 


112 

117 

158 

5 

106 

142 

113 

110 


157 

6 

105 

126 

117 


108 

149 

7 

102 

109 

113 

104 


128 

8 

98 

99 

98 

98 

98 

98 

0 

94 

94 

94 

94 

94 

94 

10 

92 

92 

92 

92 

92 

92 

11 

90 

90 

90 

90 

90 

90 

24-hr avff, tm 

94.4 

1216 

98.6 

105.9 

102.1 

106.6 
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From Table 11: for -7— = 0, = 94 F; for -7— = 0,25, == 136 F; and by linear 

JO Jo 

interpolation for this wall: 

- 94 + (136 - 94) - 94 + 29 - 123 F. 

Homogeneous Walls or Roob 

For walls or roofs of a single, homogeneous material, the instantaneous 
rate of heat gain within the enclosure due to periodic heat flow when the 
temperature of the indoor air is held constant is, approximately, 

= U (tm — h) + U (/'e ~ ^m) Btu per (hour) (square foot) (6) 


where 


tm — 24-hr average sol-air temperature for the particular value of -j-, Fsihrenheit 
d^ees. 

X = A variable that depends upon the thickness, material, and orientation of the 
wall or roof; see Table 13 for values. 

^'e = Sol-air temperature at a time earlier than the time for which the heat gain is 
being found by an amoimt that is equal to the time lag of the wall or roof, 
Fahrenheit degrees; see Table 13 for values of time lag. 

U = Over-all coefficient of heat transfer of the wall or roof, Btu per (hour) (square 
foot) (Fahrenheit d^ee). 



L == Thickness of building material, feet. 


1 

0.856 +-^ 


Table 13 Periodic Heat Flow Data for Homogeneous Walls or Roofs 





Thermal 








OVBR-ALL 

Resistance 


Factor. 1. in Equation 5 


Thick- 

COBFFICZBNT, 

OF Solid 

Time 


" 



Material 


Btu per (hr) 

(SQ FT) m 

cr* 

Material, 

T 

Lag, 






In. 

Hr 

Horizontal 
and North 

Bast 

South 

West 


8 

0.67 

0.64 

5.5 

0.51 

0 36 

0.48 

0.42 

Stone 

12 

0.65 

0.96 

8.0 

0.28 

0.19 

0.26 

0.22 

16 

0.47 

1.28 

10.5 

0.17 

0.10 

0.15 

0.18 


24 

0.36 

1.92 

15.6 

0.06 

003 

0.05 



2 

0.98 


1.1 

0.93 

0.87 

0.92 

0.89 


4 

0.84 

0.33 

25 

0.79 

0.68 

0.76 

0.72 

Solid Concrete 

6 

8 

0.74 

0.66 


3.8 

51 

0.61 

0.49 

046 

0.33 

0.58 

0.46 

0.51 

0.89 


12 

0.64 


7.8 

0.29 

0.17 

0.26 

0.22 


16 

0.46 

1.33 

10.2 

0.17 

0.09 

0.16 

0.12 


4 

0.60 

0.80 

23 

0.88 

0 76 

0.81 

0.78 

Common Bnck 

8 

12 

0.41 

0.31 

1.60 

2.40 

5.5 

85 

0.51 

0.26 

0.39 

0.17 

0.49 

0.25 

0.44 

0.21 


16 

0.25 

3.20 

12.0 

0.13 

0.08 

0.12 

0.10 

Face Bnck 

4 

0.77 

0.44 

mM 

0.81 

0.70 

0.78 



H 

0.68 

0.62 

0.17 

1.0 

1.0 

1.0 

1.0 

Wood 

1 

0.48 

125 

0.45 

1.0 

0.99 

0.99 

0.99 


2 

0.30 

2.50 

1.3 

0.98 

0.91 

0.96 

0.94 


H 

0.42 

1.51 

0.08 


1.0 

1.0 

10 

Insulating 

Board 

1 

0.26 

3.03 

0.23 


1.0 


1.0 

2 

0.14 

6.05 

0.77 


10 

1.0 

10 

4 

0.08 

12.1 

2.7 


0.74 

0.81 

0.76 


6 

0.05 

1S2 

5.0 


0.49 

0.61 

0.65 


^Based upon an outdoor combined film coefficient of 4.0 and an indoor combined film coefficient of heat 
transfer of 1.66 Btu per (hour) (square foot) (Fahrenheit degree). 
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h « Thermal conductivity of building material, Btu per (hour) (square foot) 
(Fahrenheit d^ee per foot). 

Ji = Film coeflicient of heat transfer of indoor air Btu per (hour) (square foot) 
(Fahrenheit degree). 

Examples in the use of Tables 11, 12, and 13 are given. 

Example 5, Find the instantaneous design rate of heat g^in through an 8-in. west 
wall of common brick (& — 0.7, /o = 4) located in New York, N. Y., at 9:30 p. m. sun 
time, when the temperature of the indoor air is constant at 80 F. 

From Table 13, U = 0.41, the time lag is 5.6 hr, and X « 0.44. 

By linear interpolation on the basis of the value of b/Jo in Table 11, 

tm = 84.8 + (96.5 - 84.8) = 93 F. 

The desim sol-air temi>erature at a time earlier than 9:30 p. m. by the time lag (at 
4:00 p. m.) for a west wall in New York, N. Y., is, from Table 11, 

/'e =■ 94 + (145 - 94) - 129.7 F. 

From Equation 5, the instantaneous design rate of heat gain is 
=0.41 (93 - 80) + 0.44 (0.41) (129.7 - 93) 

a 11.9 Btu per hour for each square foot of sunlit surface. 

Example 6, Find the instantaneous desi^ rate of heat gain through a 12-in. stone 
east wall (5 = 0.6 ;/o = 4) located in Lincoln, Nebr., at 5:00 p. m. sun time, when the 
temperature of the indoor air is constant at 80 F. 

From Table 13, U = 0.55, the time lag is 8 hr, and X = 0.19, 

By linear interpolation on the basis of the value of b/fo in Table 12, 

= 94.4 + (105.9 - 94.4) = 100.2 F. 

Also from Table 12, the design sol-air temperature in Lincoln, Nebr., at a time earlier 
than 5:00 p. m. by the 8-hr time lag (at 9 a. m.) for an east wall is: 

i't = 93 + (142 - 93) - 117.5 F. 


From Equation 5, the instantaneous design rate of heat gain is: 

= 0.55 (100.2 - 80) + 0.19 (0.55) (117.5 - 100.2) 

=■ 12.9 Btu per hour for each square foot of sunlit surface. 

The time of the maximum instantaneous rate of heat gain from a 
sunlit wall or roof is later than the time of maximum rate of heat entry 
(maximum sol-air temperature) into the weather side by the time lag of 
the material. The times of maximum rate of heat entry into the weaQier 


Table 14. Approximate Time of Maximum Rate of Heat Entry into Weather 
Side of Walls or Roofs in New York, N. Y., and in Lincoln, Nebr, 


Surface 

Horizontal roof 

North wall 

East wall 

South wall 

West wall 

Sun Time 


6.00 p.m. 

9.00 ajn. 

1:00 pjn. 

4.00 pun. 


A (Mid-summer; solar absorptivities of weather surface of 0.4 or greater.) 

^For a completely shaded surface, the time of maximum rate of heat entry into the weather side is the 
time of maximum temi>erature of the outdoor air, which is at apinoximately 3:00 p. m., sun tune, in both 
localities. 
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sides of sunlit walls or roofs having solar absorptivities greater than 0.4 
are given in Table 14 for New York, N. Y., and for Lincoln, Nebr. 

Example 7. Find the time of maximum instantaneous rate of heat gain from a south 
wall of 8 in. of common brick in New York, N. Y., if the wall is: (a) sunlit; (b) com- 
pletely shaded. 

(a) From Table 13, the time 1^ is 5.5 hr. From Table 14, the time of maximum rate 
of heat entry into the weather side is 1 :00 p. m. The time of maximum instantaneous 
rate of heat gain is 6:30 p. m., sun time. 

(b) The time of maximum instantaneous rate of heat gain from the completely shaded 
wall is 5.5 hr later than the time of maximum temperature of outdoor air (which is at 
3:00 p. m.) or at 8:30 p. m., sun time. 

Composite Walls or Roofs 

A composite wall or roof is made up of two or more layers of different 
materials. For such a construction, the time lag is always slightly greater 
than the sum of the time lags of the individuaJ layers. For example, in 
Table 13, assume that the time lag for a 12-in. wall of common brick 
were to be estimated by adding the time lags of the 8-in. brick wall and 
the 4-in. brick wall; the sum of these time lags is (5.5 + 2.3) or 7.8 hr, 
while the actual time lag of a 12-in. brick wall is 8.5 hr, or 0.7 hr greater 
than the sum. The value of the factor X to be used in Equation 5 for a 
composite construction is less than the product of the X values of the 
individual layers. Again, if the value of X for a 12-in. west brick wall 
were to be estimated by using the products of the X values for an 8-in. 
and a 4-in. brick wall, the result would be 0.44 (0.78) or 0.34; actually, the 
correct value of X for a 12-in. west brick wall is 0.21. 

Although an equation has been derived for the instantaneous rate of 
heat gain resulting from periodic heat flow through composite walls or 
roofs to an enclosure held at constant temperature, this equation is too 
complex for general use. The problem is receiving further study, and the 
methods of solution given here are approximate. It has been found, for 
example, that the oi^er of the materials affects the time lag and the in- 
stantaneous rate of heat gain; a wall made of 2 in. of concrete and 1 in. of 
corkboard has a calculated time lag of 2 hr when the concrete is used for 
the outside layer and a time lag of 3 hr when the cork is used for the 
outside layer. Other things being the same, the use of the material of 
lower density as the weather-side layer will increase the time lag and 
decrease the instantaneous maximum rate of heat gain. 

Two examples are given to show how to estimate, roughly, the in- 
stantaneous rate of heat gain through sunlit composite walls or roofs. 

Example 8. Estimate the maximum instantaneous design rate of heat gain from a 
horizontal roof in New York, N. Y., that is made up of black built-up roofing on the 
weather side (b = l;/o = 4; thermal resistance 0.28), 1 in. of insulating board, and 
4 in. of concrete with no ceiling, when the temperature of the indoor air is 80 F. 

The over-all coefficient of heat transfer for this construction is: 

^ ” o;^ ' + b;28 ~ 1 :03 + 0.33 +6m ” ^ 

heit degree). 

If the time lag of the built-up roofing be ignored, the sum of the time lags of the 
individual layem is, from Table 13, (0.23 -h 2.5) or 2.73 hr. 

Actually, the time lag will be between 0.6 hr and 1.0 hr greater than this, so assume 
a time lag of 3.5 hr. 

From Table 13, the homogeneous concrete roof having a time lag of 3.5 hr would 
have a value of X of about 0.65; use this value for the composite roof. 
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With values of tm and t'e found from Table 11, as in previous examples, use Equation 5 
and find the maximum design instantaneous rate of heat gain as: 

-^ = 0^ (106.4 - 80) + 0.65 (0.22) (155 - 106.4) 

= 13 Btu per (hour) (square foot). 

The maximum instantaneous rate of heat gain from this roof would occur at about 
3:30 p. m., sun time. 

Example 9. Estinaate the maximum instantaneous design rate of heat gain from a 
south wall in Lincoln, Nebr., consisting of 4 in. of face brick (& *= 0.7; /o =“ 4), 4 in. of 
common brick, furred, with an air space (thermal resistance = 0.76), and finished on the 
inside with % in. of plaster on metal lath (themaal resistance =* 0.23) ; the temperature 
of the indoor air is constant at 80 F. 

The over-all coefficient of heat transfer for this construction is: 

^ = 0.25 + 0.44 + 0.80 |o. -^ + 6.23 + 0.61 = 0-32 Btu per (hour) (square foot) 
(Fahrenheit d^ee). 

From Table 13, the sum of the time lags for the face brick and the common brick is 
(2.4 + 2.3) or 4.7 hr. The actual time lag will be slightly greater than this, and a value 
of 5.5 hr will be assumed. 

From Table 13, a south wall of homogeneous common brick having a time lag of 
6.6 hr will have a value of X of 0.49; this '^ue will be used for the composite wall. 

By interpolation in Table 12, tm = 99.8 F and /'e — 123.6 F. 

From Equation 5, the maximum instantaneous design rate of heat gain is: 

-j- = 0.32 (99.8 - 80) + 0.49 (0.32) (123.6 - 99.8). 

= 10.1 Btu per (hour) (square foot). 

The time of this heat gain is about 6:30 p. m., sun time. 

Graphical Dlustratloiis of Heat Flow^Tune RelatioDshi^ 

Since sol-air temperature data are available for only two localities and 
since the time lag data for various wall constructions have not been 
completed, Figs. 1 through 8 are given to assist the designer in approxi- 
mating cooling load requirements. The veilues given in Fig. 1 are for 
combined direct solar and sky radiation, and are given to represent the 



Fig. 1. Solar Intensity Normal to Sun on Horizontal Surface and on Walls 
FOR August 1 at 40 Deg North Latitude 
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Fig. 3. Heat Flow-Time Relationship for Horizontal Roofs 
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Fig. 4. Outside Design Temperature Basis for Figs. 2 and 3 


expected design radiation intensity for August 1 for Pittsburgh, Pa. 
These curves were prepared by the A.S.H.V.E. Research Laboratory 
from data ^ obtained by pyrheliometer observations in Pittsburgh. 

Figs. 2, 3, 5, 6, 7, and 8 illustrate the periodic relationship, variations in 
intensity, phase relation, and overlapping of solar intensities for variously 
oriented surfaces. Figs. 2 through 8 indicate the heat flow through the 
inside surfaces ^ of the types of construction shown. Some authorities 
believe that the atmospheric conditions often encountered at Pittsburgh 
may have influenced these curves and that greater intensities may be 
encountered in other localities. Due to test deviations from design tem- 
perature, solar conditions, and typical construction, it is believed that 
the values indicated may be as much as 20 to 30 per cent below normal 
design expectations and can not be directly correlated with the data 
given for New York, N. Y., and Lincoln, Nebr. 

The heat gain through southeast and southwest walls can be considered 
approximately the same as that through east and west walls respectively. 
The gain through northeast and northwest walls can be estimated as less 
than one half that through east and west walls respectively. 

The time lags indicated in Table 15, based on tests in Pittsburgh, do 
not correspond to those in Table 13 which are based on a more recent 
source ® but relative values from Table 15 can be used to extend the 
application of Table 13 to constructions other than those shown in Table 
13. 


Table 15. Time Lag in Transmission of Solar Radiation 
Through Walls and Roofs 


Type and Thickness of Wall or Hoof 

Time Lag, 
Hours 

1- in. yellow pine horizontal roof, water proofing, smooth black finish 

2- in. yellow pine horizontal roof, water proofing, smooth black finish 

4-in. reinforced day tile horizontal roof, water proofing, slag finish 

2-in, gypsum horizontal ^■OOf, waTer proofing, slag finish _ _ 

Is 

2M 

4H 

Slate^d slaters felt on 2^ in. tongue and ^oov^ yellow pine, sloped roof 
4-in. gypsum horizontal roof, water proofing, slag finish 

6-in. TOncrete horizontal roof, water proofing, sl^ finish... 

1-in. concrete, 4-in. dnders, concrete, water proofing, smooth black 

finish __ _ __ . __ _ _ . . . 

5 

8 

Wood siding, 1-in. sheathing, 2x4 studs, lath and plaster 

2 

Wood siding, 1-in. sheathing, 2x4studs (studding space filled with insula- 
tion) lath and plaster . _ , __ 

5 

4-in. hriolr, 1 -in. sheathing, 2x4 studs, lath and plaster _ _ _ _ 

7 

4-in. hrirlr, R-in. tile and plaster _ . 

10}^ 

12 

13 -in. brick, plastered- 

9-in. brick, tile, 6Ji-in. air space, 3 Ji-in. tile and 1 plaster 

16 








Fig. 5. Heat Flow-Time Relationship for Northern Exposed Walls 



Fig. 6. Heat Flow-Time Relationship for Eastern Exposed Walls 
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Fig. 8. Heat Flow-Time Relationship for Western Exposed Walls 


HEAT EMISSION OF OCCUPANTS 

The heat and moisture given off by human beings under different states 
of activity are shown in various tables and figures of Chapter 12 which 
covers the physical and physiological principles of air conditioning. It 
will be observed from these data that the rate of sensible and latent 
heat emission by human beings varies greatly depending upon state of 
activity. In many applications this component becomes a large per- 
centage of total load. Metabolic rates are markedly variable for some 
extreme environmental conditions and this is another important factor 
which must be considered in cooling load computations. Consideration 
should be given to the typical age and sex of the occupants (whether men, 
women, or children) and the duration of the occupancy (since for short 
occupancy applications the extra heat and moisture brought in by people 
may be an important factor in the load). 

HEAT GAIN FROM OUTSIDE AIR 

When the temperature of the outdoor air is higher than the temperature 
of the indoor air, introduction of outdoor air for the purpose of ventilation 
or infiltration of outdoor air through cracks, openings, or doors, together 
with the exhaust or escape of room air, will result in a gain of 
sensible heat. This gain of heat is an immediate and undiminished source 
of cooling load. When the humidity ratio of the outdoor air exceeds the 
indoor humidity ratio, a gain of water vapor results from supply and 
exhaust or infiltration and escape of air; this gain becomes a latent heat 
load when heat must be removed by the cooling apparatus to condense 
the water vapor. 

The purpose of supplying outdoor air and of exhausting room air is, 
generally, to reduce by dilution the concentration of odors and smoke. 
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In general, air for ventilation is supplied at the rate of 6 to 30 cfm per 
person; normal good practice is 10 to 20 cfm per person. Required or 
desirable rates of ventilation will be found in Chapter 12. The rate of 
entry of air due to infiltration may be estimated from data given in 
Chapters 8 and 14. 

When the indoor air pressure reaches an equilibrium value (which is 
not greatly different from the outdoor air pressure), the rate of flow of 
room air from the structure must balance the rate of entry of outdoor air. 
Whether the air enters by infiltration through room openings or passes 
through the fan and other air conditioning apparatus is immaterial in this 
balance. Room air may be exhausted by use of exhaust fans or it may 
escape through room openings. It may be necessary to supply as much as 
2000 or 3000 cfm of outside air through the apparatus to insure that air 
will escape rather than enter by infiltration through a single swinging 
door. Wind action and the location of openings relative to the neutral 
zone in the building are variables which make the estimate of quantity 
of outdoor air, necessary to insure outw^d leakage through selected 
openings, very approximate at best and subject to considerable judgment. 

In the estimate of the amount of outside air which must be drawn 
through the apparatus, it is normally possible to subtract the assumed 
rate of infiltration from the required rate for ventilation. 

The total rate of heat gain (combined sensible and latent) or the total 
contribution to the cooling load resulting from the introduction of outdoor 
air and the exhaust of room air is: 

St = (/io - AO (6) 

Vo 

where 

qx = Quantity of heat (sensible and latent) to be removed from outdoor air, Btu 
per hour. 

Q = Rate of entry of outdoor air, cubic foot per hour. 

Vo = Volume of outdoor air per pound of dry air, cubic foot. 

ho = Enthalpy of outdoor air, Btu per pound of dry air. 

h = Enthalpy of indoor air, Btu per pound of dry air. 

Equation 6 includes the sensible heat gain and the latent heat gain. 
The actual gain of water vapor resulting from supply of outdoor air and 
exhaust of room air is: 


M = -^(Wo - wo (7) 

Vo 

where 

M = Rate of gain of water vapor, pounds per hour. 

Wo = Humidity ratio of outdoor air, pounds per pound dry air. 

Wi = Humidity ratio of indoor air, pounds per pound dry air. 

An example of the use of Equations 6 and 7 is given. 

Example 10, For outdoor design conditions of 95 F diy-bulb and 75 F wet-bulb and 
indoor design conditions of 80 F dry-bulb and 67 F wet-bulb and for the supply of outdoor 
air at the rate of 1000 cfm and the exhaust of room air at the same weight rate, calculate: 
(a) the gain of water vapor, in pounds per hour; (b) the total gain of heat (both sensible 
and latent) in Btu per hour. 

(a) From psychrometric data, ho = 38.26, hi =s 31.50, Wo = 0.01410, W\ =» 0.01121, 
and Vo = 14.29. 

From Equation 7, Jf - (0.01410 - 0.01121) = 12.1 pounds per hour. 



Table 16 * Rate of Heat Gain From Appliances Without Hoods 
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Stoves, Short Order 

Open Top, per sq ft top 
Closed Top, per sq ft top 
Fry Top, per sq ft top 

Toasts, Continuous 

Toaster, Continuous 



•For restaurant appliances, miscellaneous electrical and miscellaneous gas burning appliances. 

bWhen these appliances are hooded and provided with adequate exhaust, use 60 per cent of recommended rate of heat gain from unhooded appliances. 
•Manufacturer s ratmg in watts. 

•^Manufacturer's rating in Btu per hour. 








































































Table 16. Rate of Heat Gain From Appliances Without Hoodsa-b (Concluded) 
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(b) From Equation 6, the total rate of heat gain (combined sensible and latent) is: 
gt •= (38.26 - 31.60) = 28.400 Btu per hour. 

HEAT EMISSION OF APPUANCES 

Heat generating appliances which give off either sensible heat or both 
sensible and latent heat in an air conditioned enclosure may be divided 
into three general classes of equipment or devices: (1) electrical ap- 
pliances, (2) gas appliances, and (3) steam heating appliances. 

In the first group may be found such devices as lights^®, fans, motors, 
toasters, wafile irons, etc. The heat load caused by such devices may 
normally be obtained by multiplying the nameplate rating in watts by 
an appropriate load factor and by 3.4 (Btu per watt hour). In some 
cases it may also be possible to remove some of the heat of such appliances 
as lights and motors with exhaust air without involving it in the room load. 

Electric motors are usually rated in units of horsepower output. To 
determine the corresponding input, which is the rate at which heat is 
added to the conditioned space by full-load operation of such motors, 
some idea of motor efficiency is necessary. The aggregate input in horse- 
power should then be multiplied by 2644 (Btu per horsepower hour). 

Motor efficiencies can be assumed about as follows: Motor efficiencies 
vary from 60 to 60 per cent at the 3^ hp level to 80 per cent at 1 hp and 
88 per cent at 10 hp and above. Where the motor is outside of the 
conditioned space the heat equivalent of the motor output only is used, 
but where the motor is inside of the space the heat equivalent of the 
output divided by the efficiency is used. 

In the second group belong such appliances as coffee urns, gas ranges, 
steam tables, broilers, hot plates, etc. For heat generating capacities 
of such appliances refer to Table 16 

Judgment must be used in the application of data given in Table 
16. Consideration must be given to the heat contributed by appliances 
whicdi are in use at the time of peak load. The quantity of heat will 
depend upon whether products of combustion are vented to a flue, whether 
they escape into the space to be conditioned, or whether appliances are 
hooded allowing part of the heat to escape through a stack. There are 
no gener^y accepted data available on the effects of venting and shidd- 
ing heating appliances but it is believed that, when they are prop)erly 
hooded with a positive fan exhaust system through the hood, 60 per 
cent of the heat will be carried away and 60 per cent dissipated in the 
space to be conditioned. The same effectiveness of the hood should 
be figured for both latent and sensible heat. 

MOISTURE THROUGH WALLS 

In some applications walls of the conditioned space may be in contact 
with other spaces which have in them a higher water vapor pressure than 
that in the conditioned space. It is known that water vapor will flow 
through the building materials in proportion to the vapor pressure dif- 
ference on the two sides of the material. The total amount of water 
vapor transmitted is dependent on the permeability which is usually 
expressed in grains of moisture per (square foot) (hour) (inch of mercury 
vapor pressure difference). The values for permeability in Table 17 are 
quoted from a publication of the National Bureau of Standards The 
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Table 17. Permeability of Various Materials to Water Vapor 


Group 

Material 

Permbabiuty 
Grains per (Sq FT) 
(Hr) (Inch Hg) 


■piaster aT«d plftStPT*, 5f in 

14.7 


Fir sheathing, in. _____ ' " _ . __ _ . _ 

2.9 


Waterproof pap»b 

49.1 


Pine 1^ slrfing' . ._ 

4.9 

Paint film __ ^ _ 

8.4 


Sugar rane fiberboarrf, % in._.. 

12.6 


Brick tnasnnny, 4 in_ _ __* ” _ __ . 

1.1 




Foil-surfaced reflective itisnlatiou, <3niihle-farefl_ _ 

0.08 to 0.13 


Roll roofiug — smooth, 40 tO 6S Ih per roll lOS sq ft____ ._ 

0.13 to 0.17 


■Duplerr or laminated papers, 30-30^30 

1.37 to 2.68 


■niipleac or laminated papersi 30-60-30 

0.62-0.86 


rJopler psper, mste/i ivith meti^lllr' nrlrles __ 

0.62-1.29 


Tue^iletion ba,frkiip pep^i treated . . ... 

0.86-3 42 


Plaster, wood lathj.... ..... 

Plaster, 3 mats nf Teail an^l oil . _ 

11.00 

3.68 to 3.84 

2o 

Plaster, 2 mats of Aluminum paint _ __ _ 

1.16 

Plaster, fiherhoanJ or gjm^nTn 'lath_ 

19.73 to 20.67 


Pl3nvoorl, ^ in., S-ply Donglas fir _ . . 

2.67 to 2.74 


Plyrvood, 2 mats of asphalt paint . _ _ _ 

0.43 


PlyoDOOd, 2 mats of aluminum paint 

1.29 


Gypsum Lath with metallic alimmum backing . 

Insulating lath and sheathing, board type — 

Jugulating phefttbiTig, «UTf?^^noa, ted _ , _. 

0 09-0.39 

26.68 to 34 27 

3.03 to 4.36 


Insulating cork blocks, 1 m .. — — 

■N/Tineral urool, unprotected, 4 in. 

6.19 

29 07 


Sheathing Paper, asphalt impregnated, glossy 

0.17-2.05 




^Calculating Vapor and Heat Tzansfer Throusli Walls, by L. G Miller (Heating and Ventilating 35. 
No. 11, 66, November, 1938). 

bLight weight slaters felt used to keep rain from drifting through. Not used as a vapor barrier. 
eHow to Overcome Condensation in Building Walls and Attics, by L. V. Teesdale (Heating and Venti^ 
aitng, VoL 86. No. 4. ApiU, 1939). 


water vapor entering the conditioned space must be added to the latent 
cooling load. 

Vapor barriers, to be effective in reducing entremce of moisture, must 
seal completely the walls, ceilings, and floors that are exposed to space 
having excessive vapor pressure and all doors must have gaskets applied 
to them to make the barrier effective. 


EXAMPLE-COOLING LOAD ESTIMATE 

From the foregoing discussion it is obvious that the determination of 
the maximum cooling load is rather complicated by reason of the variable 
nature of contributing load components. An illustrative example will 
explain the method presented in the foregoing text. 

Example 11. A one-story office building is located in an eastern state near 40 deg 
latitude. The adjoining buildings on the north and west are not conditioned. 

South wall construction: 8 in. concrete block, 4 in. brick veneer, H in. plaster on 
walls. (Table 8, Chapter 6, No. 92B, U « 0.41.) For summer, use Z7 = 0.40. 

East wall and outside north wall construction: 8 in. concrete block, in. plaster on 
walls. (Table 7, Chapter 6, No. 82B, U « 0.52.) For summer, use U = 0.50. 

West wall and adjoining north party wall construction: 13 in. solid brick, no plaster: 

T-T36 

Roof construction: 2J^ in. flat roof deck of gypsum fiber concrete on gypsum board. 
(Table 14, Chapter 6, No. 6A, U = 0.38.) For summer, use U *= 0.37. 

Floor construction: 4 in. concrete on ground. 

Windows: 3 ft x 5 ft. 

Front doors: Two 2 ft-6 in. x 7 ft (glass panels). 

Side doors: Two 2 ft-6 in. x 7 ft (3^ glass panels). 
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Rear doors: Two 2 ft-6 in. x 7 ft (glass panels). 

Occupancy: 85 office workers. 

Lights: 16,000 watts. 

Fan motor: hp. 

Inside design conditions: dry-bulb 80 F; wet-bulb 65 F; Wi = 0.0098 lb per pound 
dry air; hi = 29.94 Btu per pound dry air. 

Outside design conditions: dry-bulb 95 F, wet-bulb 78 F. 

Find: the total, sensible, and latent cooling loads. 

Solution, Since the heat gain through the roof will constitute the major portion of the 
cooling load in this installation, the time lag of the roof should be found first in order to 
determine the approximate time of the maximum cooling load. 

The roof consists of gypsum concrete and gypsum board; each of these materials has 
a density of between 50 and 60 lb per cubic foot. In Table 13, the roof material falls 
between wood and common brick on the basis of its density, which is an important 
property in periodic heat flow. For a thickness of 2J^ in. of the roof deck, it seems 
reasonable to use a time lag of about 1.5 hr and a value of X of 0.95. Sol-air temperature 
data for^ New York, N. Y., will be used as fairly representative of the location of the 
installation (see Table 11). Since the roofing is black, a value of h/fo = 0.25 will be 
used. The m^mum design sol-air temperature of the roof occurs at about 12 noon and 
is 155 F, (/'e in Equation 5); the maximum contribution of the roof to the cooling load 
will occur about 1.5 hr later than the time of maximum sol-air temperature, or at about 
1:30 p. m., sun time, and this will be assumed to be the time of the maximum cooling 
load. 

From Table 11, im = 106.4 F. From Equation 5, the instantaneous rate of heat gain 
through the roof at 1:30 p. m.,'sun time, is 

= 0.37 (106.4 — 80) + 0 95 (0.37) (155 — 106.4) = 26.9 Btu per (hour) (square foot). 

The south wall consists of 4 in. brick veneer on 8 in. concrete block with plaster. 
Assume this wall is equivalent to 4 in. face brick on approximately 6 in. of solid concrete. 
From Table 13, the sum of the time lags of these materials is (2.4 -}- 3.8) or 6.2 hr; the 
actual time lag for a composite wall is slightly greater than this, and a time lag of 7 hr 
will be assumed for the south wall. Homogeneous south concrete with a time lag of 7 hr 
would have a value of X of about 0.32. The design sol-air temperature for a south wall 
(5 - 0.7; /o = 4) at a time 7 hr earlier than 1:30 p. m. (at 6:30 a. m.) is i e = 79 F 
(Table 11 and Example 4); also from this table, tm = 88.9 F. From Equation 5, the 
instantaneous rate of heat gain through the south wall at 1:30 p. m., sun time, is 

= 0.40 (88.9 -- 80) -f- 0.32 (0.40) (79 — 88.9) = 2.3 Btu per (hour) (square foot). 

The exposed east wall and exposed north wall are constructed of 8 in. concrete block 
with in. plaster; assume the hollow block to be equivalent to a solid 6 in. concrete 
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wall. From Table 13, the time lag of this wall would be about 3.8, ^ 4 hr. For the 
east wall, from Table 13, X = 0.^; for tibe north wall, X = 0.61. The design sol-air 
temperatures are found from Table 11 for 9:30 a. m. (4 hr earlier than the time of maxi- 
mum cooling load); if the solar absorptivity of the weather side of the concrete be taken 
as 0.4 in Tsuble 11: 

For the east wall: =“ 99 F, = 87.8 F. 

For the north wall: i'e 88.6 F, /m = 86.3 F. 

From £<^uation 5, the instantaneous rate of heat gam through the east wall at 1 :30 
p. m., sun time, is: 

“ 0.5 (87.8 — 80)-+ 0.46 (0.5) (99 — 87.8) = 6.8 Btu per (hour) (square foot). 

From Equation 5, the instantaneous rate of heat gain through the exposed north wall 
at 1:30 p. m., sun time, is: 

= 0.5 (86.3 — 80) + 0.61 (0.5) (88.6 — 86.3) = 3.9 Btu per (hour) (square foot). 

The north and west party walls, 13 in. brick, have a time lag (Table 13) of approxi- 
mately 9 hr; also a re^onable average value of X is 0.20. The temperatures in the un- 
conditioned spaces will depend upon the amount of glass, orientation of the exposed 
surfaces, and amount of ventilation provided in the space. Assume the slices to be 
ventilated during the night. The air temperature (^'e) 4:30 a. m., used in estimating the 

heat flow through these walls at 1:30 p. m., can be taken from Table 11 as 76 F. As- 
sume the average temperature tm as the design temperature of 95 F ; then the rate of 
heat gain through these walls may be estimated from Equation 5 as: 

=0.26 (95 —80) + 0.20 (0.26) (76 — 95) = 2.9 Btu per (hour) (square foot). 

Since the floor is on the ground it is assumed to have no loss or gain. 

A summary of the instantaneous rate of heat gain through walls and roof at 1 :30 p. m., 
sun time, is given in the following table: 


SURFACB 

Net Area 

qfA 

Rate of Heat Gain 

SqFt 

Btu/(hr) (sq ft) 

Btu/hr 

Roof — 

4000 

26.0 

107,600 

South wall .. . 

406 

2.3 

'930 

East wan 

766 

6.8 

6,200 

ESzposed north wall . 

170 

3.9 

660 

West party walL 

800 

2.9 

2,320 

North iMurty wall 

266 

2.9 

770 


117,480 


The total area of glass in the south wall, including the doors, is 95 sq ft. To allow for 
the fact that the radiant energy transmitted by glass is absorb^ prmapally by the floor 
and transferred after time lag to the air at a slower rate by convection, the cooling load 
at 1:30 p. m. through glass will be taken as 0.8 of the instantaneous rate of heat gain 
through south glass at 11:30 a. m.; from Table 6, and 40 deg north latitude, the in- 
stantaneous rate of heat gain through south glass at 11:30 a. m. is 89 Btu per ^our) 
(square foot); the sensible cooling load due to south glass is taken as 95 X 0.8 (89) = 
67o0 Btu per hour. 

The doors in the east wall have an area of 35 sq ft; the glass panel area will be taken 
as 18 sq ft and the heat gain through the sohd panel will be ignored. By a calculation 
based upon Table 6 similar to the one given for south glass, the sensible cooling load due 
to east glass is; 18 X 0.8 (34.5) = 500 Btu per hour. 

There are windows on the exposed north side with an area of 30 sq ft. Since tdie in- 
stantaneous rate of heat gain through north glass during the middle of the day is very 
steady, the cooling load from north glass at 1:30 p. m. will be taken equal to the in- 
stantaneous rate of heat gain at this time, which, from Table 6, is: 30 X 16 = 480 
Btu per hour. 

The doors into the adjoining building on the north side have an area of 35 sq ft; time 
lag due to heat storage in the door is negligible, and the air temperature of the adjacent 
space will be taken as the design temperature of the outdoor air which is 95 F ; rate of 
heat gain through north doors is: 35 X 1.1 X (95 — 80) = 580 Btu per hour. 
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A summary of the sensible cooling load due to heat gain through windows and doors 
is given: 

Surface 

Btu per hr 

South Winrlnwj^ and - - - ^ - - 

6760 

500 

480 

580 

North windows . — — 

Tfttiil mnllng Inarl to xinndowa and doora_ 

8320 



The rate of sensible heat gain from lights is 16,000 X 3.4 = 54,400 Btu per hour. 

The rate of sensible heat gain from the fan motor is: 7 6 X 2544 =' 19,080 Btu per 
hour. 

The rate of sensible heat gain from each moderate^ active office worker (metabolic 
rate of 500 Btu per hour) is 225 Btu per hour (Fig. 6, Chapter 12), so the rate of gam of 
sensible heat from occupants is; 85 X 225 = 19,120 Btu per hour. 

Also by interpolation between Curves C and D of Fig. 7, Chapter 12, the rate of 
addition of water vapor to the room air from each moderately active office worker is 
270 1050 = 0.255 lb per hour, so the rate of gain of water vapor from occupants is: 

85 X 0.255 = 21.68 lb per hour. 

The design dry-bulb temp^ture of the outdoor air is 95 F, and the accompanying 
design wet-Dulb temperature is 78 F. At standard atmospheric pressure, the design 
humidity ratio of the outdoor air is Wo = 0.0169 lb, the enthalpy is = 41.46 Btu, and 
the volume is »o * 14.37 cu ft. The minimum outdoor air required for air change or 
ventilation will be assumed to be 10 cfm for each occupant, or a total of 850 cfm, but in 
an attempt to prevent infiltration outdoor air will be supplied at the rate of 1200 cfm; 
since the volume of the conditioned space is 40,000 cu ft, the rate of air change is about 
1.8 per hour. 

From ^uation 6, the total rate of heat gain (combined sensible and latent) from 
outdoor air is: 

2t = (41.46 - 29.94) - 57,700 Btu per hour. 

From Equation 7, the gain of water vapor from outdoor air is at the rate of; 

M = (0.0169 - 0.0098) = 35.67 lb per hour. 

Approximate equivalent latent heat g^in (based upon latent heat of condensation of 
1050 Btu per pound, averaged at 75 F) is: 

gy ^ M Xhz — 35.57 X 1050 = 37,350 Btu per hour. 

The rate of heat gain of sensible heat only from outside air is: 

ffs =• 2t — ffv = 67,700 — 37,350 = 20,350 Btu per hour. 

The gain of heat from outdoor air that passes through the cooling equipment does not 
affect the required state and weight rate of supply of conditioned air to the enclosure, 
but it does add to the load on the cooling equipment. 

A summary of the estimated cooling load is given in Table 18. 

Table 18. Summary of Estimated Cooling Load 


Components of Sensible Cooling Load 

Btu/Hr 

Total Btu/Hr 

Roof aud Walla „„ 

117,480 

8,320 

54,400 

19,080 

19,120 

20,350 

238,750 

Wmdyys and doora „ - 

Occupan^ - 

Components of Latent Heat Gain& 

Btu/Hr 


Occupants: 21 68 x 1050 

Outdoor air: 35.57 X 1050. - 

22,750 

37,350 

60,100 

Total Cooling Load on Cooling Apparatus 


298,850 


ftBased upon latent heat of condensation of 1050 Btu per pound. 
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LETTER SYMBOLS USED IN CHAPTER IS 

& = solar altitude, d^ees. 

Y = angle between the traces on a horizontal plane of the edge of the wall or 
frame providing shading, and the direct rays of the sun, degrees. 

X = a variable depending on thickness, material, and orientation of the wall 
or roof. 

pc = volumetric specific heat of building material, product of apparent density 
and gravimetric specific heat, Btu per (cubic foot) (Fahrenheit degree). 
Ts = transmissivity of glass for sky radiation (dimensionless). 

Td ~ transmissivity of glass for direct solar radiation (dimensionless). 

A = area of surface, square feet. 

fld = absorptivity of glass for direct solar radiation (dimensionless), 
as » absorptivity of glass for sky radiation (dimensionless). 
b = absorptivity of weather side of material for incident solar and sky radi- 
ation. 

fi =* film coeflicient of heat transfer of inside air. Btu per (square foot) (hour) 
(Fahrenheit d^ee). 

/o = film coefficient of heat transfer of outdoor air, Btu per (square foot) (hour) 
(Fahrenheit degree). 

Gf — fraction of total window area which receives direct solar radiation. 
hfg = enthalpy of evaporation of water (hg — At), Btu per pound. 
hi = enthalpy of indoor air per pound of dry air, Btu per pound. 
ho = enthalpy of outdoor air per pound of dry air, Btu per pound. 

I = rate of incidence of solar and sky radiation, Btu per (square foot) (hour) . 
id = direct solar radiation incident upon glass, Btu per (square foot) (hour). 
In = direct solar radiation at normal incidence, Btu per (square foot) (hour), 
ia = sky radiation incident upon glass, Btu per (square foot) (hour). 
k = thermal conductivity of building material, Btu per (square foot) (hour) 
(Fahrenheit degree per foot) 

1 = height of window, feet. 

L = thickness of building material, feet. 

M *= gain of water vapor from outdoor air supply and from exhaust of room 
air, pounds per hour. 

2 = instantaneous rate of heat gain from window, Btu per hour. 

Q = rate of entry of outdoor air, cubic feet per hour. 

Ss “ 2t — fv =* rate of gain of sensible heat only from outdoor air. 

2t =* quantity of heat to be removed from outdoor air, Btu per hour. 

2v = approximate equivalent latent heat gain (based on latent heat of con- 
densation of 1050 Btu per pound averaged at 75 F). 

( g \ / g \ , / g \ = total instantaneous rate of heat gain from glass, 

A / “ \ 4 A \ ^ Btu per (square foot) (hour). 

( ^ \ = instantaneous rate of heat transfer from inside surface of glass (of heat 
A conducted through glass and radiation absorbed by glass), Btu per (square 
foot) (hour). 

( g \ = instantaneous rate of direct transmission of solar and sky radiation through 

A )2 per (square foot) (hour). 

/ g \ = instantaneous rate of heat entry into weather side of a sunlit building 

V ^ A material that does not transmit directly solar or sky radiation, Btu per 
^ ^ (square foot) (hour). 

Ti = s/l « ratio of window setback to window height. 

Ti — s/w =* ratio of window setback to window width, 
j = distance window is set back from plane of building wall. 
tn ~ outdoor air temperature, Fahrenheit d^ees. 
te = sol-air temperature, Fahrenheit degrees. 

= sol-air temperature at a time earlier than the time for which heat gain 
is being found by an amount that is equal to the time lag of the wall or 
roof, Fahrenheit degrees. 

ti = indoor air temperature, Fahrenheit degrees. 
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tL *= temperature of weather surface of material, Fahrenheit degrees. 

tm = 24-hr average sol-air temperature for the particular value of 7 -, Fahren- 

Jo 

heit d^ees, 

U = over-all coefficient of heat transfer of wall or roof, Btu per (square foot) 
(hour) (Fahrenheit degree)* 

Ug = over-all coefficient of heat transfer of glass, Btu per (square foot) (hour) 
(Fahrenheit degree). 

Vo = volume of outdoor air per pound of dry air, cubic feet. 
w = width of window, feet. 

Wi = humidity ratio of indoor air, pounds per pound of dry air. 

Wo =a humidity ratio of outdoor air, pounds per pound of dry air. 
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Va^r Through Materials, by F. B. Rowley (A.S.H,V.E Transactions, Vol 45, 1939, p 645). How to 
Estate the Amount of Water Vapor Transmitted Through Building Walls {Heating and Ventilating, 
September, 1942, p 43). Estimating Water Vapor Transmission Through Walls, Reference Data Sheets 
241-244 {Heating and Ventilating, February and March, 1943). 

1*— A.S.H V.E. Research Report No. 1196— Heat Gain Through Walls and Roofs as Affected by Solar 
Radiation, by F. C Houghten, E C Hach, S. I. Taimuty and Carl Gutberlet (A S.H.V.E. Transachons, 
Vol 48, 1942, p. 91). 


!•— Compiled by J. P Stewart from various sources. 
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Cla.saifioaiion of Coals, Cokes, Fuel Oils, and Gas, Dusiless 
Treatment of Coal, Fundamental Principles of Combustion, 

Heat of Combustion, Air Required for Combustion, Excess 
Air, Heat Balance, Firing Methods, Secondary Air, Draft 
Requirements, Draft Regulation, Furnace Volume, Com- 
bustion of Gas, Soot, Condensation and Corrosion 

F uels may be claissified according to their physical state as solid, 
liquid, or gaseous. The principal fuels used for domestic heating are 
coal, oil, and gas. However, coke, wood, kerosene, sawdust, briquettes, 
and other substances are used for heating in special applications or in 
localities where an adequate supply is available. Experiments are in 
progress in the use of a colloidal suspension of coal particles in fuel oil, 
but this fuel has not attained wide-spread usage as yet. The choice of 
fuel is usually based on dependability, cleanliness, availability, economy, 
operating requirements, and control. 

CLASSMCATION OF COALS 

Coal has a complex composition that makes classification into clear-cut 
types difficult. Chemicadly it consists of carbon, hydrogen, oxygen, 
nitrogen, sulfur, and a mineral residue called ash. A chemical analysis 
provides some indication of the quality of a coal, but does not define its 
burning characteristics sufficiently. The coal user is interested princi- 
pally in the available heat per pound of coal, in the handling and storing 
properties, the amount of a^ and dust produced and the burning charac- 
teristics. A description of the relationship between the qualities of coals 
and these characteristics requires considerable space; a treatment ap- 
plicable to heating boilers is given in a Bureau of Mines Bulletin 
There are two forms of coal analysis; namely, the proximate analysis 
and the ultimate analysis. In the proximate analysis the proportions of 
moisture, volatile matter, fixed carbon, sulfur, and ash are determined. 
This analysis is more easily made and is satisfactory for indicating most 
of the characteristics which are of interest to the user. For the proximate 
analysis the moisture is determined by observing the loss of weight of a 
sample of coal when dried at about 220 F. To determine the volatile 
matter, the dried sample is heated to about 1750 F in a closed crucible, 
and the loss of weight is noted. The remaining sample is then burned in 
an open crucible, and the accompanying loss of weight represents the 
fixed cgtrbon. The unbumed residue is ash. Although determined 
separately, the sulfur content is frequently reported with the proximate 
analysis because the usefulness of a coal for certain purposes depends on 
its sulfur content. 

In the ultimate analysis^ which is difficult to make, the percentages of 
carbon, hydrogen, oxygen, nitrogen, sulfur, and ash in the coal sample 
are determined. It is used for detailed studies of fuels and in computing 
a heat balance when required in testing of heating devices. Typical 
ultimate analyses of the various kinds of coal are shown in Table 1. ® 
Other important qualities of coals are the screen sizes, ash fusion 
temperature, friability, caking tendency, and the qualities of the volatile 
matter. In considering these factors the following points are of interest. 
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Table 1. Tyhcal Ultimate Analyses for Coals 


HiKZ 

1 BtufkiLb 

1 

CoNBnruBNTB, Fxb Cbivt 

Moist, 

£r^ 

Mdst, 

as 

Recewed 

Oxygen 

BCyw 

drogen 

Carbon 

Nitrogen 

Solfixr 

Ash 


Anthradte, 

14,600 

12,910 

5.0 

2.9 

80.0 


07 

10.5 

87.9 

Semi-Anthracite 

15,200 

13,770 

5.0 

3.9 

80.4 

1.1 

1.1 

8.5 

89.3 

Low-Volatile 










‘RiriiTTiinmis . _ 

15,350 

14,340 

5.0 

4.7 

81.7 

1.4 

1.2 


91.4 

Medium-Volatile 









Bituminous 

15,200 

13,840 

5.0 

5.0 

79.0 

1.4 

1.5 

8.1 

89.0 

High-Volatile 










Bituminous A 

14,500 

13,090 

9.2 

5.3 

73.2 

1.5 

2.0 

8.8 

87.7 

High-Volatile 










Bituminous B 

13,500 

12,130 

13.8 

5.5 

68.0 

14 

2.1 

9.2 

87.3 

Hfeh-Volatile 










Bituminous C 

12,000 

10,750 

21.0 

5.8 

60.6 

1.1 

2.1 

9.4 

87.4 

Sub Bituminous A 










Sub Bituminous B 

10,250 

9,150 


“eJ' 

“ 52 . 5 “ 

1.0 

’“T.F 

9.8 

882 

Sub Bituminous C. 

9,000 

8,940 

35.8 

6.5 

46.7 

0.8 

mijm 

9.6 

89.0 

Lignite. 

7,500 

6,900 

44.0 

6.9 

40.1 

0.7 

1.0 

7.3 

91.0 


‘( lOO-TlA8h ) (Btu as received). 


The volatile products given off by coals when they are heated differ 
materially in the ratios by weight of the gases to the oils and tars. No 
heavy oils or tars are given off by anthracite, and very small quantities 
are given off by semi-anthradte. As the volatile matter in the coal 
increases to as much as 40 per cent of ash and moisture-free coal, in- 
creasing amounts of oils and .tars are released. For coals of higher 
volatile content, the relative quantity of oils and tars decreases and is 
therefore low in the sub-bituminous coals £ind in lignite. The percenteige 
of ash and its fusion temperature do not indicate the composition or 
distribution of its constituents. 

A dassification of coals is given in Table 2, and a brief description of the 
kinds of fuel is given in &e follovdng paragraphs, but it should be 
r^gnized that there are no istinct fines of demarcation between the 
kinds, and that they graduate into each other. 

Anthracite is a dean, dense, hard coal which creates little dust in handling. It is com- 
paratively hard to ignite but it burns freely when well started. It is non-caking, it burns 
uniformly and smokelessly with a short flame, and it requires no attention to the fuel bed 
between firings. It is capable of giving a hkh eflid^<^ in the common t^es of hand- 
fired furnaces. A tabulation of the quauty of the various anthradte sizes wM be found in 
a Bureau of Mines Report \ Standard anthradte sizing specifications are shown in 
Table 3. 

Semi-anthracite has a higher volatile content than anthradte. It is not so hard and 
ignites somewhat more easily; otherwise its properties are similar to those of anthradte. 

Semi-bituminous coal is soft and friable, and fines and dust are created by handlii^ it. 
It ignites somewhat slowly and burns with a medium length of flame. Its caking prop- 
erti^ increase as the volatile matter increases, but the coke formed is relatively weak. 
Having only half the volatile matter content of the more abundant bituminous coals it 
can be burned with less production of smoke, and it is sometimes csilled smohdess coal, 

^ The term bituminous coal covers a large range of coals and indudes ma^ types having 
distinctly different composition, properties, and burning characteristics. The coals range 
from the high-gpde bituminous coals of the East to the poorer coals of the West Their 
caking properties range from coals which completely mdt, to those from which the 
volatues and tars are distilled without change of form, so that they are classed as non- 
caking or free-burning. Most bituminous coals are strong and non-friable enough to 
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permit of the screened sizes being delivered free from fines. In general, they ignite 
easily and bum freely; the length of flame varies with different coals, but it is long. Much 
smoke and soot are possible, if improperly fired, especially at low rates of burning. 

Suh'Hiuminous coals occur in the western states; they are high in moisture when 
mined and tend to break up as they dry or when exposed to the weather; they are liable 
to ignite spontaneously when piled or stored. They ignite easily and quickly and have a 
medium length flame, are non-caking and free-burning; the lumps tend to break into 
small pieces if poked; very little smoke and soot are formed. 

Lignite is of woody structure, very high in moisture as mined, and of low heating 
value; it is clean to handle. It has a greater tendency than the sub-bituminous coals to 
disintegrate as it dries, and it also is more liable to spontaneous ignition. Freshly mined 
lignite, because of its high moisture, ignites slowly. It is non-cabng. The char left after 
the moisture and volatile matter are driven off bums very easily, like charcoal. The 
lumps tend to break up in the fuel bed and pieces of char falling into the ashpit continue 
to burn. Very little smoke or soot is form^. 

Table 2. Classification of Coals by Rank® 

L^end: F.C. «= Fixed Carbon. V M. *= Volatile Matter. Btu « British thermal units. 


Cl&ss 


Gboxi? 


Lnnsrs or Fdcbd Cabbon ob Bnr 
Mxnxbal-Matibb-Fbbb Basis 


Rbqihsixb Phtbioaii 
Fbofsbtzbs 


I Anthrsorte < 


II. BituminouB^— 


in. Sub-bituminoosJ 


IV. Lignitio^ 


1. MetarBntbracitc 

2. Anthracite- 


3. Semi-anthracite 

1. Low volatile bitominous coaL 

2. Medium volatile bitnimnoTu coal 

3. High volatile A bituminous ooaL 

4. Hgh volatile B bituimnous coaL 

5 BGgh volatile CMtununous CoaL. I 
1. Sub-bituminous A coal 


2. Sub-bituminouB B ooaL. 


3. Sub-l»taminons C coaL 


1. ligmteu 


2 Brown ooaL 


Dry F.C., 98 per cent or more (Dry 
yJd., 2 per cent or less) 

Dry F.C., 92 per cent or more and less 
than 98 per cent (Dry VJi/t., $ per 
cent or Ie« and more tW 2 per cent) 

Dry F.C., 86 per cent or more and less 
than 92 per cent (Dry VJA., 14 per 
cent or less and more than 8 per cent) 

Dry F C., 78 per cent or more and less 
than 86 per cent (Dry y.M., 22 per 
cent or less and more than 14 per 
cent) 

DryF C., 69 per cent or more and lees 
than 78 per cent (Dry V^f ., 31 per 
cent or less and more than 22 per 
cent) 

Dry P 0 , loss than 69 per cent (Dry 
y.M., more than 31 per cent); and 
moist" Bto, 14,000« or more 

Moist" Btu, 13,000 or more and less 
than 14,000" 

Moist Btu, 11,000 or more and less 
than 13,000" 

Moist Btu, 11,000 or more and less 
than 13,000" 

Moist Btu, 9500 or more and less 
than 11,000" 

Moist Bto, 8300 ortaiore and less 
than 9500" 

Moist Btu less than 8300 

M(^t Btu less than 8300 


Non-agglomerating^ 


jESther aggbmerating^ 
or non-weathenng^ 


Both weathering and 
non-agglomerating^ 


Consofidated 

Unconsohdated 


"This dassification does not include a few coals which have unusual physical and chemical properties 
and which come within the limits of fixed carbon or Btu of the high-volatile mtuminous and sub-bituminous 
ranks All of these coals either contain less than 48 ver cent dry, mineral-matter-free &ed carbon or have 
more than 15,500 moist, mineral-matter-free Btu. 

^If agglomerating, classify in low-volatile group of the bituminous class. 

"Moist Btu refers to coal containing its natural bed moisture but not including visible water on the 
surface of the coal. 

is recognized that there may be non-caking varieties in each group of the bituminous dass. 

"Coals having 69 per cent or more fixed carbon on the dry, mineral-matter-free basis shall be classified 
according to fixed carbon, regardless of Bto. 

/There are three vaneties of coal in the high-volatile C bituminous coal group, namely. Variety 1, 
agglomerating and non-weathering; Variety 2. agglomerating and weathering; Vanety 3. non-abtiomerating 
and non-weathering. 

Adapted from AJSJTM, Standards, 1987, Supplement, p. 145, American Society for Testing Materials 
Philadelphia. 
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DUSTLESS TREATMENT OF COAL 

The practice of treating the more friable coeds ,to allay the dust they 
create is increasing. The coal is sprayed with various petroleum products, 
a solution of calcium chloride or a mixture of calcium and magnesium 
chlorides. 

The coal is usually treated at the mine, but sometimes by the local 
distributor just before delivery. The salt solutions are sprayed under 
high pressure, using from 2 to 4 gal or from 5 to 10 lb of the salt per ton of 
coal, depending on its friability and size. Oil for the dustless treatment 
of coal is also applied under high pressure, in concentrations of 1 to 8 qt 
per ton of coal, depending upon the characteristics of the coal and oil. 

Dustless treatments which are of such a corrosive nature that they may 
damage coal handling or burning equipment should not be used. 

CLASSIFICATION OF COKES 

Coke is produced by the distillation of the volatile matter from coal. The type of 
coke depends on the cool or mixture of coals used, the temperatures and time of oistil- 
kition and, to some extent, on the type of retort or oven; coke is also produced as a 
residue from the destructive distillation of oil. 

High-temperature cokes. Coke as usually available is of the high-temperature type, 
and contains between 1 and 2 per cent volame matter. High-temperature cokes are sub- 
divided into beehive coke of which comparatively little is now sold for domestic use, by- 
product coke, which covers the greater part of the coke sold, and gas-house coke. The 
differences among these three cokes are relatively small; their denseness and hardness 
decrease and friability increases in the order named. In general, the lighter and more 
friable cokes ignite and bum the more easily. 

Low-temperature cokes are produced at low coking temp^tures, and only a portion 
of the volatile matter is distilled off. Cokes as made by various processes under develop- 
ment have contained from 10 to 15 per cent volatile matter. In general, these cokes 
ignite and bum more readily than high-temperature cokes. The properties of various 
low-temperature cokes may differ more than those of the various high-temperature cokes 
because of the differences in the quantities of volatile matter and because some may be 
light and others briquetted. 

Petroleum cokes, which are obtained by coking the residue left from the distillation of 
petroleum, vary in the amount of volatile matter they contain, but all have the common 
property of a very low ash content, which necessitates the use of refractory pieces to 
protect the grates from being burned. 

Tablb 3. SxAiqDARD Anihracitb Sizing Specifications^ 



^Approved and adopted by AnthraciU CommiUw, State Street Baildinx, Haixiaborg, Pa. 

bwhen date content on Broken to Pea indnsive is less than above standards, bone content may be cor- 
respondingly increased, but date content specified above shall not be exceeded in any event and the total 
maTritnum Impurities shall not exceed those above specified. 
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Table 6. Approximate Gravity and Calorific Value op 
Standard Grades of Fuel Oil 


COUUHBOXAL 

StaztoabdNo. 

AiFBozniATa Gsititt 

RjLNOB A. P.I. 

CALOBma VALTm 

Btu Pbb Qallok 

1 

38-40 

136,000 

2 

34-36 

138,600 

3 

28-32 

141,000 

5 

18-22 

148,500 

6 

14-16 

152,000 


CLASSinCATION OF FUEL OILS 

Fuel oils are produced by distillation from crude petroleum after 
gasoline, naphtha, and other lighter products have been removed. Fuel 
oil is composed chemically of about 85 per cent carbon and 12}4 per cent 
hydrogen with small amounts of oxygen, nitrogen, and sulfur. Oils are 
classified according to their specific gravity, but specific gravity alone is 
not a sufficient index of the properties that are important for heating 
purposes. Other characteristics that must be considered in the choice of 
a fuel oil are the flash point, pour point, water and sediment content, 
carbon residue, ash, sulfur content, distillation temperatures, and 
viscosity. 

The flash point and distillation characteristics are important relative 
to easy ignition and complete gasification of the oil in a burner. A low 
pour point and low water content are of interest in connection with the 
storage of the fuel in outdoor tanks, while a low viscosity permits easy 
passage through a small orifice. The sediment, carbon residue, and ash 
content should be low to prevent clogging of strainers and accumulation 
of unburned material in tihe burner. The sulfur content may be of im- 
portance because of the^ corrosive effect of sulfur compounds in the 
burner and heating appliance or in special commercial processes. 

The Commercial Standard Specifications for Fuel Oils (CS 12-40) of 
the U. S. Department of Commerce are given in Table 4. These speci- 
fications conform to American Society for Testing Materials Tentative 
Specifications for Fuel Oils D 396-38T. 

The relationship between the A,PJ, gravity of fuel oils sind their 
calorific value is given in Table 6. Fuel oil grades No. 1, No. 2 and No. 3 
only are used in domestic heating equipment. Grades No. 5 and No. 6 
are used in commercial and industrial burners and usually require pre- 
heating. 

CLASSIFICATION OF GAS 

Gas is broadly classified as being either natural or manufactured. 
Natural gas is a mechanical mixture of several combustible and inert 
gases ra^er than a chemical compoimd. Manufactured gas as dis** 
tributed is usually a combination of certain proportions of gases produced 
by two or more processes. Representative properties of gaseous fuels 
commonly used in domestic heating are presented in Table 6. 

Natural gas is the richest of the gases and contains from 80 to 96 
per cent methane, with small percentages of the other combustible 
hydrocarbons. In addition, it contains from 0.5 to 5.0 per cent of Cft, 
and from 1 to 12 or 14 per cent of nitrogen. The heat value varies from 
1000 to 1200 Btu per cubic foot, the majority of natural gases averaging 
about 1000 Btu per cubic foot. Table 6 shows typical values for the 
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Table 6. Representative Properties op Gaseous Fuels, 
Based on Gas at 60 F and 30 in. Hg. 



BtuphbCuFt 



Pbqducxs or CkomuanoN 

TBBOBKnCAL 

FlaubTxh- 

PBRATUBB, 

Gas 

El^ 

(Qr^) 

Low 

(Net) 

Spbcdic 
Gratipt, 
Am « 

AmEsQumBD 
fob CoUBUfr* 

(OuIt) 

Oalno Feet 

Fwi- 

ICATB 



CQs 


Total 

with 

Ni 

COi 

Dry 

Ba& 

(Fdbo) 

Natural gas — 
California 

1200 

1085 

0.67 

11.26 

1.24 

2.24 

12.4 

12.2 

3610 

Natural gasr— 
Mid-Conti- 
nental 

970 

870 

0.57 

9.17 

0.97 

1.92 

10.2 

11.7 

3580 

Natural gas— 
Ohio 

1130 

1025 

0.65 

10.70 

1.17 

2.16 

11.8 

12.1 

3600 

Natural gas — 
Pennsylvania 

1130 

1025 

0.71 

11.70 

1.30 

2.29 

12.9 

12.3 

3620 

Retort coal gas 

570 

510 

0.42 

5.00 


1.21 

5.7 

11.2 

3665 

Coke oven gas 

590 

520 

0.42 

5.19 

0.51 

1.25 

5.9 

11.0 

3660 

Carbureted 
water gas 

540 

495 

0.65 

4.37 

0.74 


5.0 

17.2 

3815 

Blue water gas 

300 

280 

0.53 

2.26 

0.46 

0.51 

2.8 

22.3 

3800 

Anthracite pro- 
ducer gas 

135 

1 

125 

0.85 

1.05 

0.33 


1.9 

19.0 

3000 

Bituminous 
producer gas 

150 

140 

0.86 

1.24 

0.35 


2.0 

19.0 

3160 

Oil gas 

575 

510 

0.35 

4.91 

0.47 

1.21 

5.6 

10.7 

3725 


four main oil fields, although values from any one field vary materially. 

Table 6 also gives the calorific values of the more common typ^ of 
manufactured gas. Most states have legislation which controls the distri- 
bution of gas and fixes a minimum limit to its heat content. The gro» 
or higher ^orific value usually ranges between 620 and 545 Btu per cubic 
foot, with an average of 536. A given heat value may be maintained and 
yet leave considerable latitude in the composition of the gas so that as 
distributed the composition is not necessary the same in different dis- 
tricts, nor at successive times in the same district. However, in any 
community the variations in gas composition are held within suitable 
limi ts so tiiat the performance of approved gas appliances will not be 
adversely affected. 

FUNDAMENTAL PRINCIPLES OF COMBUSTION 

Combustion may be defined as the chemical combination of a substance 
with oxygen with a resultant evolution of heat. The rate of combustion 
depends partly upon the specific rate of reaction of the rambustible 
substance with oxygen, partly upon the rate at which oxygen is supplied, 
and upon the temperature obtained due to surrounding conditions. 

Complete combustion is obtained when all of the combustible elements in 
the fuel are oxidized with all of the oxygen with which they can combine. 
All of the oxygen supplied may not be utilized. 

Perfect combustion is defined as the result of supplying the required 
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amount of oxygen for combination with all of the combustible elements 
of the fuel and utilizing all of the oxygen so supplied. 

The oxygen required for the process of combustion is obtained from air 
which is a mechanical mixture of oxygen, nitrogen and small gimounts of 
carbon dioxide, water vapor and inert gases. These inert gases are 
generally included with the nitrogen, and for engineering purposes the 
values given herewith may be used. 



Bt VoLtnoi, PsB Cbst 

Bt Waioar. Fbb Cb»t 



20.9 

23.15 

Nitrngrp-n^ Nj _ __ 

79.1 

76.85 



The combination of oxygen with the combustible elements and com- 
pounds of a fuel is in accordance with fixed laws. In the case of perfect 
combustion the reactions and resultant combinations are shown in Table 7. 

The most important condition governing the process of combustion is 
temperature. It is necessary to bring a combustible substance to its 
ignition temperature before it will unite in chemical combination with 
oxygen to produce combustion. The ignition temperatures for several of 
the combustible constituents of fuels are presented in Table 7. 

HEAT OF COMBUSTION 

As previously stated, the process of combustion results in the evolution 
of heat. The heat generated by the complete combustion of a unit of fuel 
is constant for a given combination of combustible elements and com- 
pounds, and is known as the heat of combustion^ calorific value, or heating 
value of the fuel. The heat of combustion of the several substances 
found in the more common fuels is given in Table 7. 

The calorific value of a fuel may be determined either by direct measure- 
ment of the heat evolved during combustion in a calorimeter, or it may 
be computed from the ultimate analysis and the heat of combustion of 
the several chemical elements in the fuel. When the heating value of a 
fuel is determined in a calorimeter the water vapor is condensed and the 
latent heat of vaporization is included in the heating value of the fuel. 
The heating value so determined is termed the gross or higher heating 
value and this is what is ordinarily meant when the heating value of a 
fuel is specified. In burning the fuel, however, the products of combus- 
tion are not cooled to the dew-point and the higher heating value cannot 
be utilized. 

When combustion is complete, the carbon in the fuel unites with oxygen 
to form carbon dioxide, CO 21 the hydrogen unites with oxygen to form 
water vapor, H 2 O, and the nitrogen, being inert, passes rfirough the 
reaction without change. When combustion is incomplete, some of the 
carbon may imite with oxygen to form carbon monoxide, CO, and some 
of the hydrogen and hydrocarbon gases may not be burned at all. When 
carbon monoxide or other combustible geises are present in the flue gases, 
considerably less heat is produced per unit of fuel consumed, and a lower 
combustion efficiency is obtained. Incomplete combustion may result 
from any or all of the following three conditions: 

1. Inadequate air supply. 

2. Insufficient mixing of the air and gases. 

3. A temperature too low to produce ignition or maintain combustion. 









Table 7. General Data of Combustible Elements and Compounds ® 
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Table 8. Approximate Theorehcal Air Requirements 


Solid Fubl 

PomiDs An Fte Podiid Fusl 

AnflifanfA - — . 

9.6 

S#»mi-Kif-nTninmi.«5 roal. 

11.2 

rcial - — - - -- 

10.3 

T , - 

6.2 

- _ _ 

11.2 


Roxl Oil 

Pousn>s An Put Gaxxok Pdil 

Commercial Standard No. 1 

102.6 

r'nmTTiprriftl StanHard Nn. 2 _ 

104.5 

rirkmtnarrial Standard Nn. 3 _ _ __ _ 

106.5 

r^ommftrcial Standard No* R. __ _ 

112.0 

Commercial Standard No. 6 

114.2 


GmotiB FmiLa 

Cdbxo Fssn An Paa Oobio Foot Gab 

Natural gas 

10.0 

Mivad, natural and watar gas __ 

4.4 

Oirhiiratad watar gas _ . ___ 

4.4 

Water gas, oolra 

2.1 

Cota ovan gas ____ 

5.2 



AIR BEQimiED FOR COMBUSTION 

The weight of air required for perfect combustion of a pound of fuel 
may be determined by use of the ultimate analysis of the fuel as applied to 
Equations 1 and 2. The various elements are expressed in percentages 
by weight. 

Solid and Liquid Fuels: 

^-f) 

Gaseous Fuels: 

Pounds air required per pound fuel =* 2.46 CO + 34.56 R* -f- 17.28 CH^ + 

13.29 CiHi + 14.81 c 5R4 + 16.13 CaR. + 6.10 Ra5 - 4.32 0, ^ 

When the analysis is given on a volumetric basis the equation is ex- 
pressed as follows: 

Cubic feet air required per cubic foot gas = 2.39 (CO + Rj) + 9.56 CHa + ro\ 
11.98 CtHt -f 14.35 C 2 H 4 -h 16.74 GRe - 4.78 0* W 

Equations 4 and 5 may be used as approximate methods of determining 
the theoretical air requirement for any fuel. 

Pounds air required per pound fuel - 0.766 X jL ^O gL "^tu _ p _ erj»und) 
Cubic feet air required per unit fuel =• P?? . 

Approximate values for the theoretical air required for different fuels 
are given in Table 8. 

It is customary to make use of the analysis of the products of com- 
bustion to determine the amount of flue gas produced and the actual 
amoimt of air supplied for combustion. The analysis of flue gases has 
been well describe in various publications of the Bureau of Mines and 



Pounds air required per pound fuel 34.56 
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in the literature and the details of Orsat manipulation need not be 
considered in this discussion. (See Chapter 11.) 

The weight of dry flue gas per pound of fuel burned is used in com- 
bustion loss calculations and may be determined by Equation 6. 

Pounds dry flue gas per pound fuel “ X C (6) 

Values for Cft, 0*, CO, and N% are percentages by volume from the flue 
gas analysis and C is the weight of carbon bum^ per pound of fuel 
corrected for carbon in the ash. 


EXCESS AIR 


Since one measure of the efiidency of combustion is the relation existing 
between the amount of air theoretically required for perfect combustion 
and the amoimt of air actually supplied, a method of determining the 
latter factor is of value. Equation 7 will give reasonably accurate results, 
for most solid and liquid fuds, for determining the amount of air supplied 
per pound of fuel. 


Pounds dry air supplied per pound of fuel 


ico^ + m 


(7) 


Values for COa, CO, and N are percentages by volume from the flue gas 
analysis and C is the weight of carbon burned per pound of fuel corrected 
for carbon in the ash. 

The difference between the air actually supplied for combustion and 
the theoretical air required is known as excess air. 


Per Gent excess air 


Air supplied — Theoretical air 
Theoretical air 


( 8 ) 


Since the calculation is usually made from Orsat analysis, Equation 9 
will be found to be a convenient statement of this relationship. 


Per cent excess eiir 


N, X 0.264 - (o, - 


(9) 


In this formula the symbols represent volumetric percentages of the 
flue gas constituents as determined by analysis. 

Due to the different carbon-hydrogen ratios of the different fuels the 
maximum CO 2 attainable varies. Representative values for complete 
combustion of several fuels are given in Table 9. 


Table 9. Repsesentattvs Maxhium C0% Value 


Fuel 

Thxosbtical 

C0% 

COt Usually Attained 
In Practicb 


21.00 

12-14 

Anthracite - i 

20.20 

12-14 

Coal___ 

18.20 

13 

Mft. 9 Fusion 

15.00 

10.5 

Mrt. ft Oil 

16.50 

13.5 

Natural Gas „ __ „ . 

12.00 

9.7 


11.00 

8.5 
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To produce heat efl&ciently with any of the common fuels the following 
requirements must be observed: 

1. Adequate heat absorbing surface is necessary. 

2. The heat transfer surfaces must be clean. 

8. A minimum of excess air should be used. 

4. The combustion air and the combustible gases produced by the fuel must be well 
mixed. 

5. The quantity of combustible gases escaping to the stack must be kept small. 

If insufficient heating surface is provided in a heating appliance, or if 
the heat transfer surfaces are covered with soot, ash or scale, the flue gas 
temperature will be excessive and the amount of sensible heat passing up 
the stack will be unnecessarily large. Too much excess air dilutes the 
flue gases excessively and increases the sensible flue gas loss, while a 
deficiency of air will cause some combustible gases to pass out of the 
appliance unburned. The highest combustion efficiency is not always 
obtained by supplying enough excess air to reduce the incomplete com- 
bustion loss to zero, but the incomplete combustion loss should be kept 
small. If the secondary air is not well mixed with the combustible gases, 
some incomplete combustion may still occur. Unnecessary secondary 
air also dilutes the flue gases and increases the sensible heat escaping 
up the chimney. Some excess air is always required in the practic^ 
operation of heating plants. It is considered good practice, under usual 
operating conditions, to supply from 26 to 50 per cent excess air, depending 
upon the fuel used. 


HEAT BALANCE 

In analyzing the performance of a heating appliance, it is frequently 
desirable to make an accounting, insofar as possible, of the disposition 
of all the heat units in the fuel used. Such an accounting is sometimes 
c^led a heat balance. The several components of the heat balance may 
either be expressed in terras of Btu per pound of fuel used or as a per- 
centage of the calorific value of the fuel. The components of the heat 
balance are listed in items 1 to 7. 

1. Useful heat transferred to heating medium and usually evaluated by determining 
the rate of flow of the heating fluid through the heating device and the change in enthalpy 
of the fluid (heat added) between the inlet and outlet. 

2. Heat loss in the dry diimney gases. 

Ai WfCp (^g ^a) (10) 

3. Heat loss in water vapor formed by the combustion of hydrogen. 

fe = -f§- (1091.8 + 0.456 ^ - <a) (11) 

4. Heat loss in water vapor in the air supplied for combustion. 

hz = 0.465 Wa (^g — /a) (12) 

5. Heat loss from incomplete combustion. 

‘•-“‘“''(caTco) a» 

6. Heat loss from unbumed carbon in the ash or refuse. 

ft. = 14093 (^-C) 


(14) 
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7. Radiation and all other unaccx)unted for losses. 

Since the radiation and convection losses from a heating appliance are not usually 
determined by direct measurement, they, together with any omer losses not measured, 
are determine by subtracting the total of items 1 to 6 inclusive from the heat of com- 
bustion of the fuel. Frequently, when there is CO in the flue gases there also will be 
small amounts of unburned hydrogen and hydrocarbon gases in the products of com- 
bustion. The loss represented by these unburned gases may easily be as large as that 
resulting from the presence of carbon monoxide. In this event item 7 of the heat balance 
would also include this unmeasured loss. 


Symbols used in Equations 10 to 14 inclusive are: 


h 

hi 

h 

h 

h 

Wg 

Cp 

tg 

H2 

1091.8 

M 


70a 


C 


where 


Cm 

COt COi 
Wm 
Cm 

w 


heat loss in the dry chimney gases, Btu per pound of fuel. 

heat loss in water vapor from combustion of hydrogen, Btu per pound of 

fuel. 


heat loss in water vapor in combustion air, Btu per poimd of fuel, 
heat loss from incomplete combustion of carbon, Btu per pound of fuel, 
heat loss from unburned carbon in the ash, Btu per pound of fuel, 
weight of dry flue gas per pound of fuel (from Equation 6), pounds, 
mean spedflc heat of flue gases at constant messure (cp ranges from 0.242 
to 0.254 for flue gas temperatures from 300 F to 1000 F)®, Btu per pound, 
temperature of flue gases at exit of heatmg device, Fahrenheit degrees, 
temperature of combustion air, Fahrenheit degrees. 

^rcentage of hydrogen m fuel by weight from ultimate anal37sis of fuel as 


enthalpy of saturated water vapor at a temperature of 70 F, Btu per pound, 
humidity ratio of combustion air, pounds of water vapor per pound of 
dry air. 

weight of combustion air per pound of fuel used, pounds, from Equations 
1, 2, 8, and 9. 

weight of carbon burned per pound of fuel corrected for carbon in ash, 
pounds. 

WCm - WmCm 


C = 


100 W 


(15) 


percentage of carbon in the fuel by weight from the ultimate analysis, 
percentages of CO, COi in flue gases by volume, 
weight of ash and refuse, pounds. 

per cent of combustible in ash by weight (combustible in ash is usually 
considered to be carbon), 
weight of fuel used, pounds. 


The flue gas losses listed as items 2, 3, and 4 of the heat balance may be 
determined with considerable accuracy from the curves shown in Fig. 1 ^ 
in many cases. The values of the losses plotted for fuel oil were computed 
from the ultimate analysis of a typical fuel oil used in domestic burners, 
while those plotted for the several ranks of coal were computed from the 
typical ultimate analyses shown in Table 1. The curves for medium 
volatile bituminous coal may be used for high volatile bituminous coal 
with negligible error. No curves are shown for gaseous fuel because 
various natural gases and manufactured gases vary considerably in their 
composition. 


FIRING METHODS FOR ANTHRACITE 

An anthracite fire should never be poked or disturbed, as this serves 
to bring ash to the surface of the fuel bed where it may melt into clinker. 
Egg size is suitable for large fire-pots (grates 24 in. and over) if the fuel 
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can be fired at least 16 in. deep. For best results this coal should be fired 
deeply. 

Stove size coal is the proper size of anthracite for many boilers and 
furnaces used for heating buildings. It bums well on grates at least 16 in. 
in diameter and 12 in. deep. The fuel should be fired deeply and uniformly. 

Chestnut size coal is in demand for fire-pots up to 20 in. in diameter, with 
a depth of from 10 to 15 in. 

Pea size coal is often an economical fuel to bum. When fired carefully, 
pea coal can be burned on standard grates. Care should be taken to 
shake the grates only imtil the firat bright coals begin to fall through the 
grates. The fuel bed, after a new fire has been built, should be increased 
in thickness by the addition of small charges until it is at least level with 
the sill of the fire-door. A satisfactory method of firing pea coal consists 
of drawing the red coals toward the front end and piling fresh fuel toward 
the back of the fire-box. 

Pea size coal requires a strong draft and therefore the best results 
generally will be obtained by keeping the choke dainper open and regu- 
lating solely by means of the cold air check and the air inlet damper. 

Buckwheat size coal for best results requires more attention than pea 
size coal, and in addition the smaller size of the fuel makes it more difficult 
to bum on ordinary grates. Greater care must be taken in shaking the 
grates than with the pea coal on account of the danger of the fuel filing 
through the grate. In house heating furnaces the coal should be fired 
lightly and more frequently than pea coal. When banking a buckwheat 
coal fire it is advisable after coaling to expose a small spot of hot fire by 
putting a straight poker down through the bed of fresh coal. This will 
serve to ignite the gas that will be distilled from the fresh coal and prevent 
delayed ignition within the fire-pot, which in some cases, depending upon 
the thickness of the bed of fresh coal, is severe enough to blow open the 
doors and dampers of the furnace. Where frequent attention can be given 
and care exercised in manipulation of the grates this fuel can be burned 
satisfactorily without the aid of any spedd equipment. 

In general it will be found more satisfactory with buckwheat coal to 
maintain a uniform heat output and consequently to keep the S 5 ^tem 
warm all the time, rather than to allow the system to cool off at times and 
then to attempt to bum the fuel at a high rate while warming up. A uni- 
form low fire will minimize the clinker formation and keep the clinker in 
an easily broken up condition so that it readily can be shaken through 
the grate. Forced draft and small mesh grates are frequently used for 
burning buckwheat anthracite. For greater convenience, domestic 
stokers are used. 

Buckwheat anthracite No, 2, or rice size, is used principally in stokers 
of the domestic, commercial and industrid type. No. 3 buckwheat 
anthracite, or barley, has no application in domestic heating. 

FIRING METHODS FOB BITUMINOUS COAL 

A commonly reconunended procedure for firing domestic heating units, 
called the side-bank method, requires the movement of live coals to one 
side or the back of the grate, and placing the fresh fuel charge on the 
opposite side. The results are a more uiuform release of volatile gases, 
and the subjection of these gases to the high temperature of the red coals. 
If the fresh charge is covered with a layer of fine coal, still better results 
may be obtained because of slower release of volatile matter. 
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Bituminous coal should never be fired over the entire fuel bed at one 
time. A portion of the glowing fuel should always be left exposed to 
ignite the gases leaving the fresh charge. 

The importance of firing bituminous coal in small quantities at short 
intervals is discussed in a U. S. Bureau of Mines technical paper Better 
combustion is obtained by this method in that the fuel supply is main- 
tained more nearly proportional to the air supply. 

If the coal is of the caking kind the fresh charge will fuse into one solid 
mass which can be broken up with the stoking bar and leveled from 20 
min to one hour after firing, depending on the temperature of the fire-box. 
Care should be exerds^ when stoking not to^ bring the bar up to tihe 
surface of the fuel as this will tend to bring ash into Ae high temperature 
zone at the top of the fire, where it will melt and form clinker. The 
stoking bar should be kept as near the grate as possible and should be 
raised only enough to break up the fuel. With fuels requiring stoking it 
may not 1^ necessary to shake the grates, as the ash is usually dislodged 
during stoking. 

It is acknowledged that it may be diflScult to apply the outlined 
methods to domestic heating boilers of small size, especially when frequent 
attendance is impractical. The adherence to ^ese methods insofar as 
practical, however, will result in better combustion. 

The output obtained from any heater with bitununous coal will usually 
exceed that obtained with anthradte, since bituminous coal bums more 
rapidly than anthradte and with less draft. Bituminous coal, however, 
will usually require frequent attention to the fud bed. 

Preventing Smoke 

In general, time, temperature and turbulence are the essential require- 
ments for smokdess combustion. An3dhing that can be done to increase 
any one of these factors will reduce the quantity of smoke discharged. 
Espedal care must be taken in hand-firing bituminous coals. 

Checker or alternate firing, in which the fud is fired alternately on 
separate parts of the grate, maintains a higher furnace temperature and 
thereby decreases the amount of smoke. 

Coking and firing, in which the fud is first fired dose to the firing door 
and the coke push^ back into the furnace just before firing again, pro- 
duces the same effect. The volatiles as they are distilled Qius have to 
pass over the hot fuel bed where they will be burned if they are mixed with 
suffident air and are not cooled too quickly by the heat-absorbing surfaces 
of the boiler. 

Steam or compressed air jets, admitted over the fire, create turbulence 
in the furnace and bring the volatiles of the fud more quickly into contact 
with the air required for combustion. These jets are espedally hdpful 
for the first few minutes after each firing. Frequent firings of small 
charges shorten the smoking period and reduce ^e density. Thinner 
fud beds on the grate increase the effective combustion space in the 
furnace, supply more air for combustion, and etre sometimes effective in 
redudng the smoke emitted, but care should be taken that holes are not 
formed in the fiire. A lower volatile coal or a higher A.PJ. gravity oil 
alwa^ produces less smoke than a high volatile coal or low AJP.I. 
gravity oil used in the same furnace and fired in the same manner. 

The installation of more modem or better designed fud burning equip- 
ment, or a change in the construction of the furnace, will often reduce 
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smoke. The installation of a Dutch oven which will increase the furnace 
volume and raise the furnace temperature often produces satisfactory 
results. 

In the case of new installations, the problem of smoke abatement can 
be solved by the selection of the proper fuel-burning equipment and 
furnace design for the particular fuel to be burned and by the proper 
operation of that equipment. Constant vigilance is necessary to make 
certain that the equipment is properly operated. In old installations the 
solution of the problem presents many difficulties, and a considerable 
investment in special apparatus is often necessary. 

Lower rates of combustion per square foot of grate area will reduce the 
quantity of solid matter discharged from the chimney with the gases of 
combustion. The burning of coke, coking coal, and sized coal from which 
the extremely fine coal has been removed will not as a general rule produce 
as much dust and cinders as will result from the burning of non-coking 
coals and slack coals when they are burned on a grate. 

Modem boiler installations are usually designed for high capacity per 
square foot of ground area because such designs give the lowest cost of 
construction per unit of capacity. Designs of this t3^e discharge a 
large quantity of dust and cinders with the gases of combustion, and if 
poUution of the atmosphere is to be prevented, some type of catcher must 
be installed. 


FIRING MmiODS FOR SEMI-BITUMINOUS COAL 

The Pocahontas Operators' Association recommends the central cone 
method of firing, in which the coal is heaped on to the center of the bed 
forming a cone, the top of which should be level with the middle of the 
firing door. This allows the larger lumps to fall to the sides, and the fines 
to remain in the center and be coked. The poking should be limited to 
breaking down the coke without stirring, and to gently rocking the grates. 
It is recommended that the slides in the firing door be kept closed, as the 
thinner fuel bed around the sides allows enough air to get through. 


FIRING METHODS FOR COKE 

Coke ignites less readily than bituminous coal and more readily than 
anthracite and bums rapidly with little draft. In order to control the air 
admitted to the fuel it is very importent that all openings or leaks into 
the ashpit be closed ^htly. A coke fire responds rapidly to the opening 
of the dampers. This is an advantage in warming up the system, but it 
also makes it necessary to watch the dampers more closely in order to 
prevent the fire from burning too rapidly. In order to obtain the same 
interval of attention as with other fuels a deep fuel bed always should be 
maintained when burning coke- The grates should be shaken only 
slightly in mild weather and should be shaken only until the first red 
particles drop from the grates in cold weather. The best size of coke for 
general use, for small fire-pots where the fud depth is not over 20 in., is 
that which passes over a 1 in. screen and through a in. screen. For 
large fibre-pots where the fuel can be fired over 20 in. deep, coke which 
passes over a 1 in. screen and through a 3 in. screen can be used, but a 
coke of uniform size is always more satisfactory. Large sizes of coke 
should be either mixed with fine sizes or broken up before using. 
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SECONDABY AIR 

When bituminous coal is hand-fired in a furnace the volatile matter in 
the fuel distills off leaving coke on the grate. The product of combustion 
of the coke is CO 3 and under certain conditions some CO may arise from 
the bed. The combustion of the volatile matter and the CO may amount 
to the liberation of from 40 to 60 per cent of the heat in the fuel in the 
combustion space over the fuel bed. 

The air that passes through the fuel bed is called primary air and the 
air that is admitted over the fuel bed in order to bum the volatile matter 
and CO is called secondary air. 

This process of combustion is illustrated in Fig. 2 K The free oxygen of 
the air passes through the grate and the ash above it and bums the carbon 
in the lower 3 or 4 in. pf the fuel bed forming carbon dioxide. This 
layer noted as the oxidizing zone is indicated by the symbols 00% and 
O 2 . Some of the carbon dioxide of the oxidizing zone is reduced to carbon 
monoxide in the upper layer of the fuel bed noted as the reducing zone 
and indicated by the symbols CO% and CO. The gases leaving the fuel 



bed are mainly carbon monoxide, carbon dioxide, nitrogen, and a small 
amount of free oxygen. Free oxygen is admitted through the firing door 
in an attempt to bum carbon monoxide and the volatile combustible 
distilled from the freshly fired fuel. 

The division of the total into primary and secondary air necessary to 
produce the same rate of burning and the same excess air depends on a 
number of factors which include size and type of fuel, depth of fuel bed, 
and size of fire-pot. 

Size of the fuel is a very important factor in fixing the quantity of 
secondary air required for non-caldng coals. With caking cods it is not 
so important because small pieces fuse together and form large lumps. 
Fortunately a smaller size fuel gives more resistance to air flow through 
the fuel bed and thus automatically causes a larger draft above the fuel 
bed, which draws in more secondary air through the same slot openings, 
but, nevertheless, the smallest size of fuel will require the largest second- 
ary air openings. For certain sizes of fuel no secondary air openings are 
required, and for large sizes, too much excess air may pass through 
the fuel bed. 

In general, the efficiency of domestic hand-fired furnaces and boilers 
burning either anthracite or bituminous coal can be increased for an 
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hour or two after firing, if some secondary air is admitted through the 
slots of the fire door. However, unless the slots are closed when secondary 
air is no longer beneficial, the decrease in efficiency during the remainder 
of the firing cycle because of excess air may more them offset the gain 
resulting from the secondary air at the beginning of the firing period. 
Unless the secondary air can be readjusted between firings, it is probable 
that a greater average efficiency will be obtained for domestic hand-fired 
devices by leaving Ae secondary air slots closed at all times. There is 
usually an appreciable amount of air leakage around the firing door and 
secondary air slots of domestic furnaces and boilers. 

When attention is given between firings the efficiency of combustion 
can be appreciably raised by admitting secondary air over a bituminous 
coal fire to bum the gases and reduce the smoke. The smoke produced 
is a good indicator, and that opening is best which reduces the smoke to a 
minimum. Too much secondary air will cool the gases below the ignition 
point, and prove harmful instead of beneficial. 

Secondary air that ent^ the combustion chamber too far removed 
from the zone of combustion will also be harmful, for the oxygen in the 
secondary air will not react with any unbumed gases unless ihe mixture 
is subjected to high temperatures. 

The air requirements of oil and gas burners are discussed in Chapter 17, 
Automatic Fuel Burning Equipment. 

DRAFT REQUIREMENTS 

The draft required to effect a given rate of burning the fuel is dependent 
on the following factors: 

1. Kind and size of fuel. 

2. Grate area. 

3. Thickness of fuel bed. 

4. T 3 i)e and amount of ash and clinker accumulation. 

5. Amount of excess air present in the gases. 

6. Resistance offered by the boiler passes to the flow of the gases. 

7. Accumulation of soot in the passes. 

Insufficient draft will necessitate additional manipulation of the fuel 
bed and more frequent cleanings to keep its resistance down. Insufficient 
draft also restricts the control that can be accomplished by adjustment 
of the dampers. 

The quantity of excess air present has a marked effect on the draft 
required to produce a given rate of burning. If the excess is caused by 
holes in the fuel bed, or an extremely thin fuel bed, it is often possible to 
produce a higher rate of burning by increasing the thickness of the bed. 
The thickness of the fuel bed should not, however, be increased too much 
because the increased draft resistance will reduce the rate of primary air 
supply and the rate of burning. 

For amount of draft required see Chapter 19, Chimneys and Draft 
Calculations. 


DRAFT REGULATION 

Because of the varying heating load demands present in most instal- 
lations it is necessary to vary the rate of fuel burning. The maintenance 
of the proper air supply for the various rates of burning is accomplished 
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by regulation of the drafts. Correct and incorrect methods of draft 
regulation are shown in Fig. 3. The air enters through the ashpit draft 
door, firing door, and by leaks in the setting, whereas the gases leave only 
through the uptake. By throttling the gases with the damper in the 
uptake all the air entering by each of the three intakes is reduced in the 
same proportion, thus maintaining about the same per cent of excess air. 
If the ashpit draft door is closed, the air admitted through the 
ashpit is reduced, while it is increased through the other two intake 
openings, resulting in an increase of excess air. A considerable increase 
in the efficiency of hand-fired furnaces and boilers can be realized by 
regulating the air supply with the damper in the smokepipe instead of 
the ashpit damper. Use of the ashpit damper is required, of course, for 
low rates of combustion. 

Methods of control of draft conditions when burning oil or gas are 
noted in Chapter 17, Automatic Fuel Burning Equipment. 



Fig. 3. Correct and Incorrect Methods of Draft Regulation 
IN A Hand-Fired Furnace 


FURNACE VOLUME 

The principal requirements for a hand-fired furnace are that it shall have 
enough grate area and correctly proportioned combustion space. The 
amount of grate area required is dependent upon the desired combustion 
rate. 

The furnace volume is influenced by the kind of coal used. Bituminous 
coals, on account of their long-flaming characteristic, require more space 
in which to bum the gases of combustion completely than do the coals 
low in volatile matter. For burning high volatile coals provision should 
be made for mixing the combustible gases thoroughly, so that combustion 
is complete before the gases come in contact witi the relatively cool 
heating surfaces. An abrupt change in the direction of flow tends to mix 
the gases of combustion more thoroughly. Anthracite requires com- 
paratively little combustion space. 


COMBUSTION OF GAS 

The majority of gas burners utilized in central domestic heating plante 
are of the Bunsen t3^e and operate with a non-lmninous flame. In this 
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type of burner part of the air required for combustion is mixed with the 
gas as primary air, the air and gas mixture being fed to the burner ports. 
Additional seconds^ air is introduced around the flame by draft inspi- 
ration. In the luminous flame burner, which is sometimes used, all of the 
air for combustion is brought in contact with the flame as secondary air. 
This secondary air should be brought into intimate contact with the gas. 

Some makes of burners use radiants or rrfractories to convert some of 
the ener^ in the gas to radiant heat. The radiants also serve as baffles 
in directing the flow of the products of combustion. 

The quantity of air given in Table 6 is that required for theoretical 
combustion, but witii a properly designed and installed burner the excess 
air can be kept low. In order to insure freedom from carbon monoxide 
under conditions which may obtain in installations, it is customary to 
design gas burning appliances for a supply of 30 to 35 per cent of excess 
air. In individual installations in which flue gas analyses are made, the 
excess air is sometimes reduced to approximately 20 per cent. The 
division of the air into primary and secondary is a matter of burner 
design, the pressure of gas available, and the type of flame desired. 

The air gas ratio has a decided effect upon flame propagation. It is 
necessary lliat the gas will flow out of the burner ports fast enough so that 
die flame cannot travel back into the burner head, he. flash ha<^^ but the 
velocity must not be so high that it blows the flame away from the port. 

The maximum and minimum flow speeds from burner ports which may 
be permitted are known to be very dose together when air-gas mixtures 
in dieoretiaJ proportions are being supplied to the burner. As the air-gas 
ratio is lowered, and the mixture becomes more gas rich^ the limiting 
speeds become farther apart, until with 100 per cent gas, in an all-yellow 
flame, flash back cannot occur and a much higher velodty is needed to 
blow off the flames. 


SOOT 

The deposit of soot on the flue surfaces of a boiler or heater acts as an 
insulating layer over the surface and reduces the heat transmission to the 
water or air. The Bureau of Mines Report of Investigations No. 3272® 
shows that the loss of seasonal effidency is not so great as has been 
believed and usually is not over 6 per cent because the greater part of the 
heat is transmitted through the combustion chamber surfaces. The 
Bureau of Standards Report BMS 64® points out that, although the 
decrease in effidency of an oil fired boiler due to soot deposits is relatively 
small, the attendant increase in stack temperature may be considerable. 

The soot accumulation clogs the flues, reduces the draft, and may 
prevent proper combustion. Soot can probably be most effectively 
removed by a jet of compressed air or by means of a brush. However, 
it has been found that copper chloride, lead chloride, tin chloride, zinc 
chloride, common salt and some other salts are partially effective in 
removing soot from furnaces and boilers when properly used. ^ 

CONDENSATION AND COEROSION 

Sulfur dioxide or sulfur trioxide formed by the combustion of sulfur in 
fuels is the prindpal corroding element in flue gases, and becomes active 
whenever moisture is present for the formation of sulfurous or sulfuric 
add. It is necessary, therefore, to maintain a flue gas temperature in 
excess of the dew-point temperature of the flue gases in all parts of 
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Table 10. Average Flue Gas Dew-Point for Various Fuels® 


Type of Fuel 

Average Dew-Point 
Temperature, F 


68 

Semi-BitTiminniis Cnal... 

84 

Bii-iimmous Coal 

93 

Oil 

111 

Natural Gas 

127 

Maniifacturad Gas ___ 

137 



appliances unless they are made of materials that will resist these cor- 
rosive influences. It is usually desirable to maintain a flue gas tem- 
perature above the dew-point temperature throughout the heating 
appliance and the chimney or smokestack because of these same corrosive 
effects. The average dew-point temperatures of the flue gases from the 
several fuels, when burned with the amount of excess air usuedly sup- 
plied to insure complete combustion, are shown in Table 10. 

LETTER SYMBOLS USED IN CHAPTER 16 

hi = heat loss in the dry chimney gases, Btu per pound of fuel. 

hi — heat loss in water vapor from combustion of hydrogen, Btu per pound of fuel. 

hz = heat loss in water vapor in combustion air, Btu per pound of fuel. 

hi = heat loss from incomplete combustion of carbon, Btu per pound of fuel. 

hz — heat loss from unbumed carbon in the ash, Btu per pound of fuel. 

Wg — weight of dry flue gas per pound of fuel (from Equation 6), pounds, 
cp = mean specific heat of flue gases at constant pressure. 
tg = temperature of flue gases at exit of heating device, Fahrenheit d^ees. 
fa — temperature of combustion air, Fahrenheit d^ees. 

Hi = percentage of hydrogen in the fuel by weight from ultimate analysis of fuel 
as fired. 

M = humidity ratio of combustion air, pounds of water vapor per pound of dry air. 
Wa “ weight of combustion air per pound of fuel used, pounds. 

C = weight of carbon burned per pound of fuel corrected for carbon in ash, pounds. 
Cu “ percentage of carbon in the fuel by weight from the ultimate analysis. 

CO, COi = percentages of CO, COi in the flue gases by volume. 

TFa *= weight of ash and refuse, pounds. 

Ca = per cent of combustibles in ash and refuse by weight. 

W « weight of fuel used, pounds. 
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ClassiBcafion of Stokers, Combustion Process and ^ g [/ us ^- 
ments. Furnace Design, ClassiScation of Oil Burners, Combus^ 
tion Chamber Design, Classi^cation of Gas-Fired Appliances, 
Combustion Process, Ratings, Fuel Burning Rates 

A utomatic mechanical equipment for the combustion of solid, 
liquid, and gaseous fuels is considered in this chapter. 

MECHAMICAL STOKERS 

A mechanical stoker is a device that feeds a solid fuel into a combustion 
chamber, provides a supply of air for burning the fuel under automatic 
control and, in some cases, incorporates a means of removing the ash and 
refuse of combustion automatically. Coal can be burned more rfEidently 
by a mechanical stoker than by hand firing because the stoker provides a 
uniform rate of fuel feed, better distribution in the fuel bed and positive 
control of the air supplied for combustion. 

CLASSinCAllON OF STOKERS ACCORDING TO CAPACITY 

Stokers may be classified according to their coal feeding rates. The 
following classification has been made by the Z7. 5. Department of Canu 
merce^ in cooperation with the Stoker Manufacturers Association, 

Class !• Capacity under 61 lb of coal per hour. 

Class 2. Capacity 61 to 100 lb of coal per hour. 

Class 3. Capacity 101 to 800 lb of coal per hour. 

Class 4. Capacity 300 to 1200 lb of coal per hour. 

Class 5. Capacity 1200 lb of coal per hour and over. 

Class 1 Stokers 

These stokers are used primarily for home heating and are designed 
for quiet, automatic operation. Simple, trouble-free construction and 
attractive appearance are desirable characteristics of these small units. 

A common stoker in this class (Fig. 1) consists essentially of a coal 
hopper, a screw for conveying the co^ from the hopper to the retort, a 
fan which supplies the air for combustion, a transmission for driving the 
coal feed worm, and an electric motor for supplying power for coal feed 
and air supply. 

Air for combustion is admitted to the fuel through tuyeres at the top 
of the retort which may be either round or rectangular. Stokers in this 
class are made for burning anthracite, bituminous, semi-bituminous, and 
lignite coals, and coke. The U. S. Department of Commerce has issued 
commercial standards for household anthracite stokers 

Units are available in either the hopper type, as shown in Fig* 1 or in 
the bin-feed type as shown in Figs. 2 and 3. Some stokers, particularly 
those designed for use with anthracite, automatically remove ash from 
the ash pit and deposit it in an ash receptacle as shown in Fig. 3. Most 
of the bituminous models, however, require removal of the ash from the 
fuel bed after it is fused into a clinker. 

Stokers in this class feed coal to the furnace intermittently in accor- 
dance with temperature or pressure demands. A special control is used 
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to insure sufficient stoker operation to maintain a fire during periods 
when no heat is required. Where year around domestic hot water is 
supplied by a boiler and indirect water heater connected to a storage 
tank, the stoker will usually be called on to operate often enough to 
maintain the fire. 

StolE0^Flred Bdler and Furnace Units 

Boilers, edr conditioners, and space heaters espedally designed for 
stokers are available having design features closely coordinating the heat 
absorber and the stoker. iUthough efficient and satisfartoiyr performance 
can be obtained from the application of stokers to ejds^g boilers and 
furnaces, some of the combination stoker-fired units (Fig. 4) are more 
compact and attractive in appearance. 

Class 2 and 3 Stok«B 

Stokers in this class me usually of the screw feed type without auxiliary 
plungers or other means of distributing the coal. They are u^ exten- 
sively for heating plants in apartments and hotels, also, for industrial 




plants. They are of the underfeed type and me available in both the hop- 
per type, as illustrated in Fig. 6, and the bin feed tjrpe, shown in Fig. 6. 
These units also me built in plunger feed type with an electric motor or 
a steam or hydraulic cylinder coal feed drive. 

Stokers in this class me available for burning all types of anthracite, 
bituminbus and lignite coals. The tuyere and retort design varies ac- 
cording to the fuel and load conditions. Stationary type grates me used 
on bituminous models and the clinkers formed from ^e ash accumulate 
on the grates surrounding the retort. 

Anthracite stokers in this class me equipped with moving grates which 
disdimge the ash into a pit below the grate. This ash pit may be located 
on one or both sides of the grate and on some installations is of sufficient 
capacity to hold the ash for several weeks’ operation. 
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Class 4 Stokers 

Stokers in this group vary widely in details of design and several 
methods of feeding coal are employed. The underfeed stoker is widely 
used, although a number of the overfeed types are used in the larger 
sizes. Bin-feed, as well as hopper models, are available in both under- 
feed and overfeed types. 

Class 5 Stokers 

The prevalent stokers in this field are: (1) underfeed side cleaning, 
(2) underfeed rear cleaning, (3) overfeed flat grate, and (4) overfed 
inclined grate. 

Underfeed side cleaning stokers are made in sizes up to approximately 
500 boiler horsepower. They are not so varied in design as those in the 
smaller classes, although the principle of operation is similar. A stoker 
of this type is illustrated in Fig. 7. 

The rear cleaning underfeed stoker is usually of the multiple retort 
design and is used in some of the largest industrial plants and central 
power stations. Zoned air control has been applied to these stokers, both 
longitudinally and transversely of the grate surface. 

The overfeed flat grate stoker is represented by the various chain — or 
traveling-grate stokers. A typical traveling-grate stoker is illustrated 
in Fig. 8. 

Another distinct type of overfeed flat-grate stoker is the spreader 
(Figs. 9 and 10) type in which coal is distributed either by rotating 
paddles or by air over the entire grate surface. This type of stoker is 
adapted to a wide range of fuels and has a wide application on small sized 
fuels, and on fuels sudb as lignites, high-ash coals, and coke breeze. 

The overfeed inclined-grate stoker operates on the same general com- 
bustion principle as the flat-gjate stoker, the main difference being that 
rocking grates, set on an inchne, are provided in the former to advance 
the fuel during combustion. 

Combustion Process 

In anthracite stokers of the Class 1 underfeed type, burning takes 
place entirely within the stoker retort. The refuse of combustion spills 
over the edge of the retort into an ash pit or receptacle from which it may 
be removed either manually or automatically. 

Larger underfeed anthracite stokers operate on the same principle, 
except that the retort is rectangular and the refuse spills over only one 
or two sides of the grate. Anthracite for stoker firing is usually the No. 1 
buckwheat or No. 2 buckwheat size. 

Because the majority of the smaller bituminous coal stokers operate on 
the underfeed principle, a general description of their operation is given. 
When the coal is fed into tie retort, it moves upward toward the zone of 
combustion and is heated by conduction and radiation from the burning 
fuel in the combustion zone. As the temperature of the coal rises, it 
gives off moisture and occluded gases, which are largely non-combustible. 
When the temperature increases to around 700 or 800 F the coal particles 
become plastic, the degree of plasticity varying with the type of coal. 

A rapid evolution of the combustible volatile matter occurs during and 
directly after the plastic stage. The distillation of volatile matter con- 
tinues above the plastic zone where the coal is coked. The strength and 
porosity of the coke formed will vary according to the size and character- 
istics of the coal. While some of the ash fuses into particles on the surface 
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of the coke as it is released, most of it remains on the hearth or grates and, 
as this ash layer becomes thicker with time, that portion exposed to the 
higher temp^atures surrounding the retort fuses into a clinker. The 
temperature in the fuel bed, the chemical composition and homogeneity 
of the ash, and the time of heating govern tJie degree of fusion. 

Most bituminous coal stokers of Classes 1, 2, 3 and 4 require manual 
removal of the ash in clinker form. 

In the underfeed side-cleaning stokers the fuel is introduced at the 
front of the furnace to one or more retorts, and is advanced away from 
the retort as combustion progresses, while finally the ash is disposed of 
at the sides. This type of stoker is suitable for all bituminous coals while 
in the smaller sizes it is suitable for small sizes of anthracite. In this type 
of stoker the fuel is delivered to a retort beneath the fire and is raised 
into the fire. During this process the volatile gases are released, are 
mixed with air, and pass through the fire where they are burned. The 
ash may be continuously or periodically discharged at the sides. 



The underfeed rear-cleaning stoker accomplishes combustion in much 
the same manner as the side-deaning type, but consists of several retorts 
placed side by side and filling up the furnace width, while the ash disposal 
is at the rear. In principle, its operation is the same as the side deaning 
underfeed type. 

Overfeed flat-grate stokers receive fuel at the front of the grate in a 
layer of uniform thickness and move it horizontally to the rear of the 
furnace. Air is supplied under the moving grate to carry on combustion 
at a suffident rate to complete the burning of the coal near the rear of 
the furnace. The ash is carried over the back end of the stoker into an 
ash pit beneath. This type of stoker is suitable for small sizes of anthra- 
dte or coke breeze, and also for bituminous coals, the characteristics of 
which make it desirable to bum the fuel without disturbing it. This type 
of stoker requires an arch over the front of the fuel bed to maintain 
ignition of the incoming fuel and, frequently, a rear combustion arch. 

In addition to the use of rocking grates, the overfeed indined-grate 
stoker is provided with an ash plate on wHch ash is accumulated and 
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dumped periodically. This type of stoker is suitable for all types of 
coking fuels but preferably for those of low volatile content. Its grate 
action keeps the fuel bed broken up thereby allowing free passage of air. 
Because of its agitating effect on the fuel it is not desirable for badly 
clinkering coals. It usually should be provided with a front arch to 
ignite the volatile gases. 

Combustion Adjustments 

The coal feeding rate and air supply to the stoker should be regulated 
so as to maintain a balance between the load demand and the heat 
liberated by the fuel. Under such conditions no manual attention to the 
fuel bed should be required, other than the removal of clinker in stokers 
which operate on this principle of ash removal. 

As in all combustion processes, the maintenance of the correct pro- 
portions of air and fuel is essential. It is desirable to supply the minimum 
amoimt of air required to properly bum the fuel at the rate of feed. 

While there may be only slight variations in the rate at which the coal 
is being fed due to variations in the size or density of the coal, there may 



be wide variations in the rate of air flow as the result of changes in fuel 
bed resistance. These changes in resisteince may be caused by changes 
in the porosity of the fuel bed due to variations in size or friability of the 
coal, ash and clinker accumulation, and variations in depth of the fuel 
bed. Because of this variable fuel bed resistance, many bituminous 
stokers, even in the smaller domestic sizes, incorporate air controls which 
automatically compensate for these changes in resistance and maintain 
a constant air fuel ratio. The eflidency of combustion may be deter- 
mined by analyzing the flue gases as explained in Chapter 16. 

It is desirable on most stoker installations to provide automatic draft 
regulation in order to reduce air infiltration and provide better control 
during the banking, or off, periods of the stoker. 

Furnace Design 

Although there is considerable variation in stok^, boiler, and furnace 
design, the stoker industry, from long-time experience, hats established 
certain rules for the proportioning of furnaces for domestic, and com- 
nlerdal stokers. The stoker installer and designer of stoker-fired equip- 
ment should give careful consideration to these factors. 
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The Stoker Manufacturers Association has published standard recom- 
mendations on setting heights for stokers having capacities up to 1200 lb 
of coal per hour®. 

The empirical formulas for determining these setting heights are: 

For btirning rates up to 100 lb coal per hour 

H « 0.1126 B + 16.75 (1) 

For burning rates from 100 to 1200 lb coal per hour 

S - 0.03 B + 24 (2) 

where 

H = minimupa setting height, inches, measured from dead plates to crown sheet for 
steel boilers. For cast-iron boilers height may be % H. 

B * burning rate coal per hour, pounds. 


Standards for minimum firebox dimensions and base heights have been 
formulated by the Stoker Manufacturers Association as shown in Fig. 11 ®. 



Fig. 11. Suggested Miiumum Firebox Dimensions and Base Heights^ 

•For reference in edectlnff or designing boilers and furnaces for stoker firing. Dimensions shown are for 
net inside clearance at nate level udng ccaI with heating value of not less than 12,000 Btu per pound. Under 
certain conditions smaller fireboxes will permit satisfactory performance but these d im e n sions are preferred 
normal Tninitniurm - 


In considering these recommendations, it should be understood that 
they show the average recommended minimum. There are many factors 
affecting the proper application of stokers to various types of boilers and 
furnaces, and, in certain instances, setting height or firebox dimensions 
shown in the standards may be modified without impairing performance. 
Such modification rests with the experience of the installer, or designer, 
with a particular stoker, the type of fuel used, and the construction of the 
boiler or furnace. 

Installation of stokers (particularly smaller sizes) from the side of the 
boiler or furnace will sometimes facilitate clinker removal. 

Rating and Sizing Stokers 

The capacity or rating of small underfeed stokers is usually stated as 
the burning rate in pounds of coal per hour. Codes for establishing uni- 
form methods of rating anthracite and bituminous coal stokers have 
been adopted by the Stoker Manufacturers Association^. 
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The Association also has adopted a uniform method of selecting stokers 
that is published in convenient tables and charts*. The required capacity 
of the stoker is calculated as follows: 

Load (Btu per hour) Stoker burning rate 

required (pounds of 

Heating value of coal (Btu per pound) X over-all efficiency of coal per hour) 
stoker and boiler or furnace 

In determining the total load placed on a stoker-fired boiler by a steam 
or hot water heating system, a piping and pick-up factor of 1.33 is com- 
monly used in sizing the stoker, but this factor should be increzised at 
times due to unusu^ conditions. 

Controls 

The heat delivery from the stoker of the smallest household type to the 
largest industrial unit can be r^^lated accurately with fully automatic 
controls. The smaller heating applications are controlled normally by a 



Fig. 12. Low Pressure Atomizing Oil Burner 


thermostat placed in the building to be heated. Limit controls are 
supplied to prevent excessive temperature or pressure being developed in 
the furnace or boiler and refueling controls are used to maintain ignition 
during periods of low heat demand. Automatic low water cut-outs are 
recommended for use with all automatically-fired steam boilers. (See 
Chapter 34.) 


DOMESTIC on. BURNERS 

An oil burner is a mechanical device for producing heat automatically 
from liquid fuels. Two methods are employed for the preparation of the 
oil for the combustion process; atomization, and vaporization. The 
simpler types of burners depend upon the natural chimney draft for 
supplying the air for combustion. Other burners provide me^am<^ air 
supply or a combination of atmospheric, and mechanical. Ignition is 
accomplished by an electrical spark or hot wire, or by an oil or gas pilot. 
Some burners utilize a combination of these methods. Continuously 
operating burners may use manual ignition. Burners of different types 
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oi)erate mth luminous or non-luminous flame. Operation may be inter- 
mittent, continuous with high-low flame, or continuous with graduated 
flame. 

CLASSmCATION OF BUBNEBS 

Domestic oil burners may be classified by type of design or operation 
into the following groups: pressure atomizing or gun, rotary, and vapor- 
izing or pot. These are further classified as mechanic^ draft, and natural 
draft. 

Ptassure Atomiidng (Ghm Typo) 

Gun type burners may be divided into two classes, low-pressure, and 
high-pressure atomization. In the first group, a mixture of oil and 
primary air is pumped as a spray through me nozzle at a pressure of 2 to 
7 lb per square inch. Secondary air is supplied by a fan. Ignition is 
obtained by means of a high-voltage electric spark used alone, or as 
primary ignition for a gas pilot. Various features of a low pressure 
atomizing burner are shown in Fig. 12. 



Fig. 13. High-Psessuxe Atoioziiig On. Bxtsiibe 


The high-pressure atomizing type, illustrated in Fi§. 13, is characterized 
by an air tube, usually horizontal, with oil supply pipe centrally located 
in the tube and arranged so that a spray of atomized oil is introduced, 
at about 100 lb per square inch, and mixed in the combustion chambei 
with the air stream emerging from the air tube. A variety of patented 
shapes is employed at the end of the air tube to influence the direction 
and speed of the air and thus the effectiveness of the mixing process. 

This t5q)e of burner utilizes a fan to supply the air for combustion, anc 
ignition is established by a high-volt^e electric spark that may bs 
operative continuously while the burner is running, or just at the beginning 
of the running period. Gun type burners operate on the intermitteni 
on-off prindple, and with a luminous flame. 

The combustion process is completed in a chamber constructed o 
refractory material, or stainless steel, this being a part of the installation 
Pressure-atomizing burners generally use the distillate oils. No. 1, 2 o: 
3 grade. (See Chapter 16.) 
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Rotary Type 

This class of burners may be divided into two groups: vertical, and 
horizontal. Most of the smaller rotary burners are of the vertical type, 
and use the lighter distillate oils, No. 1 or 2 grade. 

The most distinguishing feature of vertical rotary burners is the 
principle of flame application. These burners are of two general types: 
the center flame and wall flame. In the former type (Fig. 14), the oil is 
atomized by being thrown from the rim of a revolving disc or cup and ^e 
flame bums in suspension with a characteristic yellow color. Combustion 
is supported by means of a bowl-shaped chamber or hearth. The wall 
flame burner (Fig. 15) differs in that combustion takes place in a ring of 
stainless steel or refractory material, which is placed around the hearth. 
Dependent upon combustion adjustment, these burners may operate 
witJi either a semi-lunainous or non-luminous flame. 

Both types of vertical rotary burners are further characterized by their 
installation within the ash pit of the boiler or furnace. Various types of 



Fig. 14. Center Flame Vertical Fig. 15. Wall Flame Vertical 

Rotary Burner Rotary Burner 


ignition are utilized, gas and electric, either spark or hot wire. The air 
for combustion is supplied partially by natural draft, and partially by 
fan effect of the central spinner element. 

Horizontal rotary burners are used principally to bum the heavier oils, 
Nos. 5 and 6 grades, principally in larger commercial and industrizd 
installations, altihough domestic sizes are available. Such burners are of 
the medianical atomizing type, using rotating cups which throw the oil 
from the edge of the cup at high velocity into the surrounding stream 
of air delivered by the blower (Fig. 16). 

Horizontal rotary burners commonly use a combination electric-gM 
ignition system, or are lighted manually. Primary air for combustion is 
supplied by a blower, and secondary air, often introduced through a 
cheS:erwork in the combustion chamber, is controlled by chimney draft. 
These burners operate with a luminous flame, usually on high-low or 
continuous setting. 

In larger installations, burners may be installed in multiple in a common 
combustion chamber. Because of the high viscosity oils used in these 
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Fig, 16 . Horizontal Rotating Cup Oil Burner 


burners, it is customary to preheat the oil between the tank and th( 
burner. Preheating when delivering from tank car, or truck, is ofter 
required in cold weather. 

Vaporizing Buznars 

This type burner transforms the oil into a combustible vapor by the 
application of heat from a plate, or cracking chamber. The class may be 
subdivided into burners supplying combustion air mechanically, and those 
utilizing the natural chimney draft. Vaporizing pot-type burners are 
generally restricted to the use of the lighter distillates but some wil 
operate with No. 3 oil. 

These burners are designed for continuous or intermittent operation 
with manual ignition, and the rate of burning is controlled by a metering 
valve. They axe also available with electric ignition and thermostatic 
controls. Flame may be luminous or non-luminous, dependent upoi 
adjustment. A burner of this type is illustrated in Fig. 17. 

Vaporizing burners of the natural draft type are used as the firing 
device in integral space heaters, water heaters, or furnace units. Some 
types have also been applied successfully to conversion installations. 



Fig. 17 . Vaporizing Pot-Type Burner 
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Oil-F!red BoU^ and Furnace Units 

A number of types of specially desired oil-fired boiler-burner and 
furnace-burner units are available. Various locations of burners will be 
noted in such units; some having the combustion chamber and burner 
at the top, some at the bottom, and some at the center of the appliance. 
One type of boiler-burner unit is shown in Fig. 18. The coordinated 
design of boiler (or furnace) and burner elements insures the optimum in 
operating characteristics, and the maintenance of balanced performance. 
This type of equipment usually has more heating surface, better flue 
proportions and gas travel than conventional boilers or furnaces. Some 


OIL 

BURNER 


Fig. 18 . Typical Boiler-Burner Unit 

of the better conversion installations, however, may equal the unit type 
in performance. 

Operating Requirements for Mechanical Draft Oil Burners 

The U. S. Department of Commerce in conjunction with the oil burner 
industry has established commercial standards for automatic mechanical 
draft oil burners for domestic installations which cover installation 
requirements and performance tests K 

Combxistion Process 

EfiSdent combustion must produce a dean flame and use a rdatively 
small excess of air, i.e,, between 25 and 60 per cent. This can be done 
only by vaporizing the oil quickly and completely, and mixing it vigorously 
with air in a combustion chamber hot enough to support the combustion. 
A vaporizing burner prepares the oil, for combustion, by transforming the 
liquid fuel to the gaseous state by the application of heat. This is accom- 
plished before the oil vapor mixes with air to any extent and, if the air 
and oil vapor temperatures axe high and the fire pot hot, a dear blue 
flame is produced. 

In an atomizing burner the oil is mechanically separated into very fine 
partides so that the surface exposure of the liquid to the radiant heat of 
the combustion chamber is vastly increased and vaporization proceeds 
quickly. The result is the ability to bum more and heavier oil within a 
given combustion space. Because the air enters the combustion chamber 
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with the liquid fuel particles, mixing, vaporization and burning occur 
all at once in the same space. This produces a luminous flame. A 
deficient amount of air is indicated by a dull red or dark orange flame 
with smoky tips. 

An excessive supply of air may produce a brilliant white flame or a 
short ragged flame with incandescent sparks flashing through the com- 
bustion space. While extreme cases may be detected, it is not possible 
to distinguish, by eye, the effect of the finer adjustment which competent 
installation requires. 

Combustion Adlustments 

The present-day oil burner with mechanical oil and air supply, properly 
install^ and equipped with an automatic draft regulator, is capable of 
maintaining efficient combustion for a considerable period following the 
initial adjustments of oil and air. Eventually certain changes may occur, 
however, that will cause the per cent of excess air to decrease below 
allowable limits. A decrease in air supply while the oil delivery remains 
constant, or an increase in oil delivery while the air supply remains con- 
stant, will make the mixture of oil and air too rich for clean combustion. 
The more efficient the adjustment the more critical it will be. The oil 
and air supply rates must remain constant. 

The following factors may influence the oil delivery rate: (1) changes 
in oil viscosity due to temperature change or variations in grade of oil 
delivered, (2) erosion of atomizing nozzle, (3) fluctuations in by-pass relief 
pressures, and (4) possible variations in methods of atomization. Any 
change due to partial stoppage of oil delivery will increase the proportion 
of excess air. This will result in less heat, r^uced economy and possibly 
a complete interruption of service. 

The following factors may influence the air supply: (1) changes in 
combustion dr^t due to a variety of causes (i.s., changes in chinmey 
draft because of weather changes, seasonal changes, back drafts, failure 
or inadequacy of automatic draft regulator, use of chinmey for other 
purposes, possible stoppage of the chimney, and changes in drsit resis- 
tance of boiler due to partial stoppage of the flues), and (2) changes in air 
inlet adjustments at tihe fan. 

Air leakage into the boiler or furnace setting should be reduced to a 
minimum. The amount of air leakage will be determmed by the draft 
in the combustion chamber. It is important that this draft should be 
reduced as low as is consistent with the proper disposal of the gases of 
combustion. When using mechanical draft burners with average con- 
ditions, the combustion diamber draft should not be allowed to exceed 
0.02-0.05 in. water. An automatic draft regulator is very helpful in 
maintaining such values. 

Even though a fan is generally used to supply the air for combustion, 
in most oil burners, the importance of a proper chimney should not be 
overlooked. The chimney should have sufficient height and size to insure 
that the draft will be uniform within the limits given if maximum ef- 
ficiency throughout the heating season is to be maintained. 

Meaffurement of the Effidency of Combustion 

Since efficient combustion is based upon a dean flame and definite 
proportions of oil and air employed, it is possible to determine the results 
by analyzing the combustion gases. It is usually suffident to analyze 
only for carbon dioxide (COt). A showing of 10 to 12 percent indicates 
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the best adjustment if the flame is clean. Most of the good installations 
show from 8 to 10 per cent CO 2 . Taking into account the potential 
hazard of low excess air (high CO 2 ), a setting to give 10 per cent CO 2 
constitutes a reasonable standard for most oil burners. 

Combustion Chamber Design 

With burners requiring a refractory combustion chamber the size and 
shape should be in accordance with the manufacturer’s instructions. It 
is important that the chamber shall be as nearly air tight as is possible, 
except when the particular burner requires a secondary supply of air 
for combustion. 

The atomizing burner is dependent upon the surrounding heated 
refractory or firebrick surfaces to vaporize the oil and support combustion. 
Unsatisfactory combustion may be due to inadequate atomization and 
mixing. A combustion chamber can only compensate for these things to 
a limited extent. If liquid fuel continually reaches some part of the fire- 
brick surface, a carbon deposit will result. The combustion diamber 
should endose a space having a shape similar to the flame but large 
enough to avoid flame contact. The nearest approach in practice is to 
have the bottom of the combustion ch^ber flat, but far enough below 
the nozzle to avoid flame contact, the sides tapering from the air tube at 
the same angle as the nozzle spray and the back wall rounded. A plan 
view of the combustion chamber resembles in shape the outline of the 
flame. In this way as much firebrick as possible is dose to the flame so it 
may be kept hot. This insures quick vaporization, rapid combustion and 
better mixing by eliminating dead spaces in the combustion chamber. 
An overhanging arch at the back of the fire pot is sometimes used to 
increase the flame travel and give more time for mixing and burning, and 
sometimes to prevent the ^es from going too directly into the boiler 
flues. When good atomization and vigorous mixing are achieved by the 
burner, combustion chamber design becomes a less critical matter. Where 
secondary air is used, combustion chamber design is quite important. 
When installing some of the vertical rotary burners the manufacturer’s 
instructions must be followed carefully when installing the hearth, as in 
this dass successful performance depends upon this factor. 

Boiler Settings 

As the volume of space available for combustion is a determining 
factor in oil consumption, it is general practice to remove grates and 
extend the combustion chamber downward to indude or even exceed the 
ash pit volume; in new installations the boiler may be raised to make 
added volume available. Approximatdy 1 cu ft of combustion volume 
should be provided for every developed boiler horsepower, and in this 
volume from 1.5 to 2.5 Ib of oil p^ hour can properly be burned. This 
corresponds to an average liberation of about 38,000 Btu per cubic foot 
per hour. At times mudh higher fuel rates may be satisfactory. For best 
results, care should be taken to keep the gas velodty bdow 40 fps. Where 
checkerwork of brick is used to provide secondary air, good practice calls 
for about 1 sq in. of opening for each pound of oil fired per hour. Such 
checkerwork is best adapted to flat flames, or to conical flames that can 
be spread over the floor of the combustion Camber. The proper bricking 
of a large or even medium sized boiler for oil firing is important and 
frequently it is advisable to consult an authority on this subject. The 
essential in combustion chamber design is to provide against flame 
impingement upon either metallic or firebrick surfaces. Manufacturers of 
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oil burners usually have available detailed plans for adapting their burners 
to various types of boilers, and sudi information should be utilized. 

Controls 

Controls for oil burner operation, including devices for the safety and 
protection of a boiler or furnace, are fully described in Chapter 34. 

GAS-FIBED HEATING EQUIPMENT 

A gas burner is defined by the American Gas Association as “a device 
fpr the final conveyance of the gas, or a mixture of gas and air, to tihe 
combustion zone.'* Burners used for domestic heating are of the atmos- 
pheric injection, yellow flame, or power burner types. 

The use of gas has resulted in the production of a number of types of 
domestic gas heating appliances, and systems. These may be classified 
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in types designed for central heating plants, and those for unit applica- 
tion. Gas-designed units and conversion burners are available for the 
several kinds of central systems. Unit heaters, space heaters and circu- 
lators may be had for installation in the space being heated. 

Central Heating Systems 

Boilers and furnaces specially designed for gas-firing incorporate 
design features for obtaining maximum efiBciency and performance. 
Small flue passes to secure good heat transfer, the use of materials resistant 
to the corrosive effects of products of combustion, and draft hoods are 
notable features. Control equipment includes gas pressure regulators, 
thermostatic pilots, and limit controls designed to protect the appliance 
and to insure safety of operation. A boiler designed for gas-buming is 
illustrated in Fig. 19. 

Conversion burners are usually complete burner and control units 
designed for installation in existing boilers and furnaces. Burner heads 
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are of circular or rectangular shape in order to fit in the space available. 
The control equipment is generally the same as for gas boilers and 
furnaces. Various^ bafHes made of clay radiants or metal are used for 
the purpose of guiding the products of combustion along the heating 
surface in the firebox or flues. Automatic air dampers are supplied on 
mciny models to prevent flow of air into the firebox when the burner is 
not operating. A typical gas conversion burner is shown in Fig. 20. 

Burners of this type are available in sizes ranging from 80,000 to 500,000 
Btu per hour capacity. Burners of even larger capacity, for use with 
natural gas in large steel boilers, are usually engineered by the local 
utility or contractor. They are available in an infinite number of sizes 
because the burner may be an assembly of multiple burner heads filling 
the entire firebox. 

Domestic sizes of conversion burners should be installed with due 
attention to the method of venting. Draft hoods, conforming to Ameri- 
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Fig. 20. Typical Gas Conversion Burner 


can Standard Requirements, should be installed in place of the dampers 
used with a solid fuel. 

One form of central heating system is the warm air floor furnace The 
use of these furnaces is adaptable to mild climates. They are used for 
heating first floors, or where heat is required in only one or two rooms. A 
number may be used to provide heat for the entire building where all 
rooms are on the ground floor, thus giving the heating system flexibility. 
With the usual type the register is installed in the floor, the heating 
element and gas piping being suspended below. 

Unit Type Heaters 

Space heaters may be used for auxiliary heating, but in many cases 
are installed for furnishing heat to entire buildings. With the exception 
of wall heaters, they are semi-portable. 

Parlor heaters or circulators are usually of the cabinet type. They heat 
the room entirely by convection, i.e., the cold air of the room is drawn 
in near the base, passes up inside the jacket around a heating section, and 
out of the heater at, or near, the top. These heaters cause a continuous 
circulation of the air in the room during the time they are in operation. 


334 


CHAPTER 17 


1947 Guide 


The burners are located in the base at the bottom of an enclosed com- 
bustion ^amber. The products of combustion pass around baffles within 
the heating element, and out the flue at the back near the top. They are 
well adapted for residence room heating and also for stores and offices. 

Radiant heaters give off a considerable portion of their heat in the form 
of radiant energy emitted by an incandescent refractory that is heated by 
a Bunsen flame. They are made in numerous shapes and designs and in 
sizes ranging from two to fourteen or more radiants. An atmospheric 
burner is supported near the center of the base. Others have a group of 
small atmospheric burners supported on a manifold attached to the base. 
Most radiant heaters are portable; however, there are also types which 
are encased in a jacket that fits into the wall with a grilled front. 

Gas-fired steam and hot water radiators are other types of room heating 
applisinces. They are made in a large variety of shapes and sizes and are 
amilar in appearance to the ordinal^ steam or hot water radiator. A 
separate combustion chamber is provided in the base of each radiator and 
is usually fitted with a one-piece burner. They may be secured in either 
the vented or unvented ty^s, and with steam pressure, thermostatic or 
room temperature controls. 

Warm air radiators are similar in appearance to steam or hot water 
radiators. They are usually constructed of sheet metal hollow sections. 
The products of combustion circulate through the sections and are 
discharged from a flue or into the room, depending upon whether the 
radiator is of the vented or unvented type. 

Unit heaters are used extensively for heating large spaces such as stores, 
garages, and factories. These heaters consist of a burner, heat exchanger, 
fan for distributing the air, draft hood, thermostatic pilot, and controls 
for burners and fan. They are usually mounted in an elevated position 
from which the heated air is directed downward by louvers. Some unit 
heaters are suspended from the ceiling, and others are free-standing floor 
units of the heat tower type. 

Unit heaters are available in two types, classified according to their 
use, with, or without ducts. Only those types of unit heaters tested and 
approved as warrp air furnaces can be connected safely to ducts, as they 
have sufficient blower capacity to deliver an adequate air supply against 
duct resistance and are equipped with limit controls. 

Combustion Process and Adlustments 

Most domestic gas burners are of the atmospheric injection (Bunsen) 
type in which primary air is introduced, and mixed with the gas in the 
throat of the mixing tube. A ratio of about 3 parts primary air to 1 part 
gas for manufactured gas, and a 5 to 1 ratio for natural gas, are generally 
used as theoretical values. The amount of excess air required in practice 
depends upon several factors, notably; uniformity of air distribution and 
mixing, direction of gas travel from burner, and the height and tem- 
perature of combustion chamber. 

Secondary air is drawn into gas appliances by natural draft. As with 
other fuels, excess secondary air constitutes a loss, and should be reduced 
to a proper minimum, which usually cannot be less than 25 to 35 per cent 
if the appliance is to meet A,S.A, approval. Yellow flame burners 
depend upon secondary air, alone, for combustion. 

The flame produced by atmospheric injection burners is non-luminous. 
Air shutter adjustments for manufactured gas should be made by closing 
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the air shutter until yellow flame tips appear and then by opening the air 
shutter to a final position at which the yellow tips just disappear. This 
type of flame obtains ready ignition from port to port and also favors 
quiet flame extinction. When burning natural gas the air adjustment is 
generally made to secure as blue a flame as obtainable. 

Little difficulty should be had in maintaining efficient combustion when 
burning gas. The fuel supply is normally held to close limits of variation 
in pressure and calorific value and the rate of heat supply is nominally 
constant. Because the force necessary to introduce the fuel into the 
combustion chamber is an inherent factor of the fuel, no draft by the 
chimney is required for this purpose. The use of a draft hood insures 
the maintenance of constant low draft condition in the combustion 
chamber with a resultant stability of air supply. A draft hood is also 
helpful in controlling the amount of excess air and preventing back 
drafts that might extinguish the flame. (See Chapter 16.) 

Due to the use of draft hoods and gas pressure regulators both the 
input and combustion conditions of gas appliances are maintained quite 
uniform until deposits of dirt, corrosion, or scale accumulate in the air 
inlet openings, burner ports, or on the heating surface. Periodic cleaning 
is necessary to keep any gas appliance in proper operating condition. 

Measurement of the Effidency of Combustion 

The efficiency of combustion may be judged from the percentage of 
carbon dioxide (CO 2 ), oxygen (O 3 ) and carbon monoxide (CO) in the flue 
gases. The COz and O 2 may be obtained by means of an Orsat apparatus 
but the CO must be determined by more accurate equipment. It is 
customary to use simple indicators to determine whether CO is present 
and to make adjustments of the appliances to reduce the CO below 4/100 
of one per cent before continuing tests in which the CO 2 and O 2 can then 
be found by use of the Orsat apparatus. Since the ultimate COt for any 
gas depends on the total hydrogen content the quality of the combustion 
should not be judged from the value of the CO 2 in the flue gas without 
reference to the ultimate CO 2 obtainable. Practical values of CO 2 will 
usually be from 8 to 14 per cent depending on the gas used. 

Ratings for Gas Appliances 

Input rating for a gas appliance is established by demonstrating that 
the appliance can meet the Approval Requirements of the A,S.A, ^ The 
tests are conducted at the A,G.A. Testing Laboratories, Output rating is 
determined from the approved input and an average efficiency stated in 
the Approval Requirements and is the heat av^lable at the outlet. 

Sizing Gas-Fired Heating Plants 

Although gas-buming equipment usually is completely automatic, 
maintaining the temperature of rooms at a predetermined figure, there 
are some manually controlled installations. In order to overcome 
effectively the starting load and losses in piping, a manually-controlled 
gas boiler should have an output as much as 100 per cent greater than the 
equivalent standard radiation which it is expected to serve. 

Boilers under thermostatic control, however, are not subject to such 
severe pick-up loads and consequently, it is possible to use a lower selec- 
tion factor. For a gas-fired boiler or furnace under thermostatic control 
a factor of 20 to 26 per cent is usually sufficient for pick-up allowance. 
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In those installations, in mild climates where 100 per cent outside air 
is used, furnaces should be of larger size in order to provide adequate 
capacity and quick pick-up under intermittent heating conditions. 

The factor to be allowed for loss of heat from piping will vary some- 
what, the proportionate amount of piping installed being greater for , 
small installations than for large ones. For selection factors to be added 
to installed radiation under thermostatic control see Chapter 18. 

Appliances used for heating with gas should bear the approval seal 
of the A.G,A, Testing Laboratories on the manufacturer’s nameplate, 
together with the official input and output ratings. It is not permissible 
to operate a gas heating unit above its stated rating. It may be necessary 
to operate below this rating at elevations above 3,000 ft. 

Inst^lations should be made in accordance with recommendations 
shown in the publications of the American Gas Association. 

Controls 

Temperature controls for gas burners are described in Chapter 34. 
Some central heating plants are equipped with push-button or other 
manual control. The main gas valve may be of either the snap action 
or throttling type. Automatic electric ignition is available. 

FUEL BURNING RATES 

The burning rate for automatic fuel burning devices is determined by 
the ^oss heat output required of the boiler, or furnace, to carry the net 
heating load plus allowances for system losses, and pi<±-up. General 
values for these allowances previously have been noted. Detailed infor- 
mation for piping and pick-up allowance for steam, and hot water systems 
is given in Chapter 18 and for warm air systems in Chapters 21 and 22. 

When the gross output, operating efficiency, and heat value of the fuel 
are known, the required rate of burning can be determined by means of 
Figs. 21, 22 and 23 for the severed fuels. 
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Fig. 21 . Coal Fuel Burning Rate Chart 
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Fig. 22. Oil Fubl Burning Rate Charts 

aThis chart ia based upon No 3 oil having a heat content of 143,400 Btu i>er gallon. If other grades of 
oil are used multiply the value obtsdned from this chart by the following factors: No. 1 oil (180.000 Btu 
per gallon) 1.032; No. 2 oU (141,000 Btu per gaUon) 1 017: No 4 oil (144,500 Btu per gaUon) 0.992; No. 6 
oil (146,000 Btu per gallon) 0.982; and No. 6 oil (150.000 Btu per gallon) 0.956. 
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^ As the rate of fuel burning is directly proportional to the load for a 
given efficiency, these cheirts can be extended by moving the decimal 
points the same number of digits in both vertical and horizontal scales. 
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The correct fuel burning rate can be determined directly from the 
several charts for oil or gas burning installations, as these customarily 
operate on a strictly intermittent basis. These fuel burning devices 
usually introduce the fuel at a single fixed rate during the on periods and 
this rate should be sufficient to carry the gross load. In the case of coal 
stokers, which are usually capable of variable rates of firing, it is desirable 
to operate at as low a rate as weather conditions will permit, but the maxi- 
mum firing rate of the stoker should be sufficient to carry the gross load. 
This rate may be determined by the same method as used for oil or gas. 
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BOILERS: Construction, Types, Design Considerations, 

Testing and Rating Codes, Efficiency, Rating, Selection, Space 
Limitations, Connections and Fittings, Erection, Operation 
and Maintenance, FURNACES: Types, Materials and Con- 
struction. Ratings, Testing and Rating Codes, Efficiency, 

Design Considerations, Humidifcation Equipment 

I N presenting the subject of Boilers and Furnaces this chapter is 
divided into two parts; the first dealing with boilers and die second 
treating warm air furnaces. 

HEATING BOILERS 

Steam and hot water boilers for low pressure heating are built in a 
wide variety of lypes and sizes, many of which are illustrated in the 
Catalog Data Section, They are made of steel or cast-iron. 


CONSTRUCTION 

The only code governing the construction of low-pressure heating steel 
and cast-iron boilers that has gained recognition on a national basis is 
the ASMB. Boiler Construction Code for Low Pressure Heating Boilers. 
Some states and municipalities have their own codes which apply locally 
but these are usually patterned after the ASME Code. 

The maximum allowable working pressures are limited by the ASME 
Code to 15 psi for steam and 30 psi for hot water heating boilers. Hot 
water boilers may be used for higher working pressures, for heating 
purposes, or for hot water supply when designed and tested for the 
higher pressure. 

TYPES OF HEATING BOILERS 

Heating boilers are classified in a number of different ways, such as: 

(a) According to materials of construction. These are steel and cast-iron. Very few 
non-ferrous boilers are made. 

(5) According to the fuels for which the boilers are designed. These are coal, hand 
fired or stoker fired; oil; g^; or wood. Some boilers are designed specifically for one fuel 
but many boilers are designed for more than one fuel. 

(c) According to the specific purpose or application for which the boiler is used, such 
ELS space heating or domestic hot water supply. 

(d) According to the design or construction of the boiler such as, sectional, round, 
fire-tube, water-tube, magazme feed, Scotch, etc. 

Cast-bon Boilers 

Cast-iron boilers are generally classified as: 

(tf) Square or rectangular boilers with vertical sections and rectangular grates 
commonly known as sectional boilers. 

(6) Round boilers with horizontal pancake sections and circular grates. 

Cast-iron boilers are usually shipped in sections and assembled at the 
place of installation. In the majority of boilers the sections are assembled 
with push nipples and tie rods. Many sectional boilers are provided with 
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large push nipples at top to permit the circulation of water between 
adjacent sections at both the water line and bottom of the boiler, which 
is necessary to enable the use of an indirect water heater with the boiler 
for summer-winter hot water supply. Round and sectional boilers may 
be increased in size by the addition of sections and corresponding plate 
work. 

Small sectional type boilers are available with wet-base construction, 
wherein the ashpit or combustion chamber sides and bottom are sur- 
rounded by extensions of the water legs of the boiler sections and thus 
no separate base is required. This type of construction permits the 
boiler to be set directly on a wood or composition floor without danger 
of fire. The wet-base also provides some additional heating surface. 

Capacities of cast-iron boilers range generally from capacities required 
for small residences up to about 12,000 sq ft of steam radiation. There 
are a few boilers made with capacities up to 18,000 sq ft of steam radia- 
tion. For larger loads, boilers must be installed in multiple. 

Steel Boilers 

Steel boilers may be of the fire-tube type, in which the gases of com- 
bustion pass through the tubes and the boiler water circulates around 
them, or of the water-tube type, in which the gases circulate around the 
tubes and the water passes through them. 

Either the fire-tube or water-tube type may be designed with integral 
water jacketed furnaces or arranged for refractory lined brick or refractory 
lined jacketed furnaces. Those with integral water jacketed furnaces 
are called portable firebox boilers and are the most commonly used type. 
They are usually shipped in one piece, ready for piping. Refractory 
furnaces are usually installed in refractory lined furnace boilers gifter 
they are set in place. 

Capacities of steel boilers range from those required for small residences 
up to about 35,000 sq ft of steam radiation. 

Boilers for Special Applicattoxis 

One of these is known as the magazine feed boiler developed for the 
burning of small sizes of anthracite and coke and has a large fuel carrying 
capacity which results in longer firing periods than would be the case 
with the standard types burning coal of buckwheat size. Special atten- 
tion must be given to proper dbimney sizes and connections when in- 
stalling in order to insure adequate draft. 

Boilers for hot water supply axe classified as direct, if the water heated 
passes through the boiler, and as indirect, if the water heated does not 
come in contact with the water or steam in the boiler. 

Direct heaters are built to operate at the pressures found in dty supply 
mains and are tested at pressures from 200 to 300 lb per square inch. 
The life of direct heaters depends almost entirely on the scale-forming 
properties of the water supplied and the temperatures maintained. If 
low water temperatures are maintained the life of the heater will be much 
longer due to decreased scale formation and minimized corrosion. Direct 
water heaters in some cases are designed to bum refuse and geurbage. 

Indirect heaters generally consist of steam boilers in connection with 
heat exchangers of the coil or tube types which transmit the heat from the 
steam to the water. This type of installation has the following advantages : 




Heating Boilers and Furnaces 


341 


1. The boiler operates at low pressure. 

2. The boiler is protected from scale and corrosion. 

3. The scale is formed in the heat exchanger in which the parts to which the scale 
is attached can be cleaned or replaced. The accumulation of scale does not affect 
efficiency although it will affect the capacity of the heat exchanger. 

4. Discoloration of water may be prevented if the water supply comes in contact 
with only non-ferrous metal. 

Where a steam or a forced circulation hot water heating system is 
installed, the domestic hot water may be heated by an indirect heater 
attached to the boiler. For most satisfactory performance in the steam 
system, this heater is placed just below the water line of the boiler. In a 
forced circulation hot water system, it should be located as high eis 
possible with respect to the boiler. 

BOILER DESIGN CONSIDERATIONS 

Furnace Design 

Good efficiency and proper boiler performance are dependent on 
correct furnace design. There must be sufficient volume for burning the 
particular fuel which is used, and means to obtain a thorough mixing of 
air and gases at a high temperature and at a velocity low enough to 
permit complete combustion of all the volatiles. For hand fired boilers, 
the furnace volume should be large enough to hold sufficient fuel for 
reasonably long firing periods. (See Chapters 16 and 17.) 

Heating Surface 

Boiler heating surface is that portion of the surface of the heat transfer 
apparatus in contact with the fluid being heated on one side and the gas or 
refractory being cooled on the other side. Heating surface on whi^ the 
fire shines is known as direct or radiant surface and that in contact with 
hot gases only as indirect or convection surface. The amount of heating 
surface, its istribution, and the temperatures on either side thereof 
influence the capacity of any boiler. 

Direct heating surface is more valuable than indirect per square foot 
because it is subjected to a higher temperature and also, in the case of 
solid fuel, because it is in position to receive the full radiant energy of the 
fuel bed. 

The effectiveness of the heating surface depends on its cleanliness, its 
location in the boiler, and the shape of the gas passages. The area of the 
gas passages must not be so small as to cause excessive resistance to the 
flow of gases where natural draft is employed. Inserting baffles so that 
the heating surface is arranged in series with respect to the gas flow 
increases boiler efficiency and reduces stack temperature, but increases 
the draft loss through the boiler. 

Heat Transfer Rate 

Practical average over-all heat transfer rates expressed in Btu absorbed 
per square foot of surface per hour will average about 3300 for hand fired 
boilers and 4000 for mechanically fired boilers when operating at design 
load. When mechanically fired boilers are operating at maximum load 
as defined in this chapter under heading Selection of Boilers, these values 
will run between 5000 and 6000. Boilers operating under favorable 
conditions at these heat transfer rates will give exit gas temperatures that 
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are considered consistent with good practice, although there are boilers 
which have high eifidendes and also operate at higher transmission rates. 

TESTING AND BATING CODES 

The Sodety has adopted four solid fuel testing codes, a solid fuel 
rating code, and an oil fuel testing code. 

ASHVE Standard and Short Form Heat Balance Codes for Testing 
Low-Pressure Steam Heating Solid Fuel Boilers — Codes 1 and 2 — 
(Revision of June, 1929) \ are intended to provide a method for con- 
ducting and reporting tests to determine heat effidency and performance 
characteristics. 

ASHVE Performance Test Code for Steam Heating Solid Fuel Boilers 
— Code No. 3 — (Edition of 1929)^ is intended for use with ASHVE 
Code for Rating Steam Heating Solid Fuel Hand-Fired Boilers The 
object of this test code is to spedfy the tests to be conducted and to 
provide a method for conducting and reporting tests to determine the 
efiidendes and performance of the boiler. 

The ASHVE Standard Code for Testing Steam Heating Boilers Burn- 
ing Oil Fuel *, (Adopted June, 1932), is intended to provide a standard 
method for conducting and reporting tests to determine the heating 
efficiency and performance characteristics when oil fuel is used with steam 
heating boilers. 

In 1938 the Society adopted a Standard Code for Testing Stoker-Fired 
Steam Heating Boilers^, (Adopted June, 1938), which is intended to 
provide a test method for determining the efficiency and performance 
cheiracteristics of any stoker and boiler combination burning any type 
of solid fuel such as anthracite or bituminous coal. 

The Steel Boiler Institute, Inc. has adopted (June 12, 1945) a Rating 
Code for Commercial Steel Boilers and Residential Steel Boilers and for 
Testing Oil-Fired Residential Steel Boilers. The commercial boilers 
(defined as those having 129 to 2600 sq ft of heating surface) are rated in 


Table 1. SBI Net Rating Data for Residential Steel Boilers — Oil Fired® 


SBI Net Rating 

Minimum 
Furnace 
Volume Cu Ft 

Heating 
Surface Sq Ft 

Sq Ft Steam 

Sq Ft Water 

Btu 

276 



■m 

16 

320 




19 

400 


96000 

3.6 

24 

550 

880 

132000 

6.0 

32 

700 

1120 

168000 

6.4 

41 

900 


216000 

8.2 

53 

1100 

1760 

264000 

10.0 

65 

1300 

2080 

312000 

11.8 

77 

1500 

2400 

360000 

13.6 

88 

1800 

2880 

432000 

16.4 

106 

2200 

3520 

528000 

20.0 

129 

2600 

4160 

624000 

23.6 

153 

3000 

4800 

720000 

27.3 

177 


, AStoker-fired and Ga«-&«d SBI Net Rating not greater than Oil-fiied. Hand-fired, SBI Net Rating 
(Steam) not greater than 14 times the SQoaie feet of heating surface. 












Table 2. SBI Ratings for Commercial Steel Boilers 
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square feet (steam) on the basis of heating surface with limitations set 
for grate area, furnace volume, and furnace height. The residential 
boilers (defined as those having not more than 177 sq ft of heating surface) 
are rated on tests for oil-fired boilers, with limitations in relation to heat- 
ing surface and testing conditions. Stoker-fired and gas-fired residential 
boilers are rated {SBI Net Rating) not in excess of the oil-fired rating. 
Hand-fired residential boilers are rated {SBI Net Rating) not greater 
than 14 times the heating surface. 

Tables 1 and 2 show the SBI ratings of residential and commercial 
steel boilers respectively. 

The Institute of Boiler and Radiator Manufacturers haa adopted a Code ® 
for rating cast-iron heating boilers based upon performance obtained 
under controlled test conditions. This Code applies to all sectional cast- 
iron heating boilers except those of magazine feed type. 

The Gross I =B=R Output is obtained by test and is subject to certain 
limiting factors. For hand fired boilers, the number of boilers of a series to 
be tested, the minimum over-all efficiency, the minimum time limit (the 
time an Available Fuel Charge will last when burned at a rate which will 
produce the Gross I=^B=R Output)^ the chimney area and height, and 
the draft in the stack are all subject to the limits established in the Code. 
Tests are run using anthracite coal of standard specification. Bituminous 
coal and coke ratings are the same as for anthracite coal. 

For automatically fired boilers, the number of boilers of a series to be 
tested, the flue gas temperature and analysis, the minimum over-all 
efficiency, the draft loss through the boiler, and the heat release in the 
combustion chamber are subject to limitation by the Code®. Auto- 
matically fired boiler ratings are established by oil fired tests using gun 
type oil burners and commercial grade No, 2 fuel oil. Stoker fired and 
gas fired ratings (where no A.G,A. Rating is published) are based on the 
Gross I—B^R Output obtained by oil fired tests. 

The Net I=B^R Rating is determined from the Gross I^B^R 
Output by applying specified Piping and Pickup Factors which range 
from 2.36 to 1.40 for hand fired boilers and from 1.56 to 1.288 for auto- 
matically fired boilers. In both cases, the factor decreases as the boiler 
size increases. Table 3 is abstracted from the I=B = R Rating Tables 
in the Code and illustrates the relationship between Net I^B^R Rating 
and Gross I^B^R Output, 

The American Gas Association has adopted a method of rating gets 
designed boilers based upon performance under tests. This is described 
in Approval Requirements for Central Heating Gas Appliances. 

The Heating, Piping and Air Conditioning Contractors National As- 
sociation has adopted a method of rating boilers based on their physical 
characteristics for those boilers that are not rated in accordance with the 
SBI or I=B^R Codes. Ratings are expressed on a Net Load basis 
in square feet of steam radiation. 

BOILER EFTICIENCY 

The term efficiency as used for guarantees of boiler performance is 
usually construed as follows: 

1. SoUd Fuels, The efHciency of the hoUer alone is the ratio of the heat absorbed by 
the water and steam in the boiler per pound of combustible burned on the grate to the 
calorific value of 1 lb of combustible as fired. The combined efficiency of hoder, furnace 
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Table 3. I—B—R Rating Table 



aincludes pickup allowance and correction for difference between test and operating conditions. 
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and grate is the ratio of the heat absorbed by the water and steam in the boiler per pound 
of fuel as fired to the calorific value of 1 lb of fuel as fired. 

2. Liquid and Gaseous Fuels, The combined efficiency of boiler^ furnace and burner 
is the ratio of the heat absorbed by the water and steam in the boiler per pound or cubic 
foot of fuel to the calorific value of 1 lb or cubic foot of fuel respectively. 

The following efficiencies apply to current designs of boilers operated 
under favorable conditions at their gross output ratings. Some older 
boilers designed primarily for hand firing may have lower efficiencies 
when automaticsdly fired. 

Anthracite, hand fired 60 to 75 per cent 

Bituminous Coal, hand fired 60 to 65 per cent 

Stoker fired 60 to 75 per cent 

Oil and (ks fired 70 to 80 per cent 

Higher efficiencies for hand fired bituminous coal may be obtained by 
careful firing of either a r^^ular or a smokeless boiler. 

BATING OF BOILERS 

In referring to boiler rating it is necessary to know the basis on which 
the rating has been establish^ in order to understand the exact meaning 
of the term. The following example will illustrate the meaning of three 
ratings which might be established for the same boiler. 

Assume that an installation has the following loads determined in accordance with 
the section Selection of Boilers: 

Net Load 1000 sq ft of steam radiation 

Piping Tax. 200 sq ft of steam radiation 

Design Load 1200 sq ft of steam radiation 

Pickup Allowance 240 sq ft of steam radiation 

Maximum or Gross Load 1440 sq ft of steam radiation 

A boiler that is just large enough to carry this system might be said 
to have a net load rating of 1000 sq ft, a design load rating of 1200 sq ft, 
or a gross load rating of 1440 sq ft, depending on the basis on which the 
boiler is rated. 

On a net load basis the boiler would be rated 1000 sq ft of steam radia- 
tion and would have sufficient excess capacity to supply the normal 
piping and pickup load. Net I^B^R Ratings, SBI Net Ratings, and 
Net Load Ratings of the Heating, Piping and Air Conditioning Con- 
tractors National Association are established on this basis. 

On a design load basis the boiler would be rated 1200 sq ft of steam 
radiation and would have sufficient excess capacity to supply the pickup 
load. It would be of adequate size for a system in which the sum of the 
net load and the piping heat loss did not exceed 1200 sq ft of steam radi- 
ation. The SBI Ratings shown in columns 1, 2, 3, 10, 11 and 12 of 
Table 2 (not to be confused with SBI Net Rating) are established on a 
design lo^ basis. 

On a gross output basis of rating the boiler would be rated 1440 sq ft 
of steam radiation and would be of adequate size for a system in which 
the sum of the net load, piping load, and pickup load did not exceed 
1440 sq ft of steam radiation. Gross I^B—R Output and A.G.A. 
Ratings are established on a gross output basis. 

In tihe determination of boiler ratings, the Gross Output is the quantity 
of heat available at the boiler nozzle with the boiler normally insulated 
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and when operating under limitations stipulated in the code or method by 
which the boiler is rated. The boiler may be capable of producing a 
greater nozzle output but in doing so would exceed some of these 
limitations. 


SELECTION OF BOILERS 
Factors InvolTed in Boiler Sdectlon 

The Maximum Load or Gross Load on the boiler is the sum of the four 
following items. 

The Design Load is the sum of items 1, 2, and 3. 

The Net Load is the sum of items 1 and 2. 

1. Eadiation Load, The estimated heat fission in Btu per hour of the connected 
radiation (direct, indirect, or forced convection coils) to be installed. 

The connected radiation is determined by calculating the heat losses for each room in 
accordance with data given in Chapters 6, 8, and 14. The sum of the calculated heat 
losses for all the rooms represents the total required heat emission of the connected radia- 
tion expressed in Btu per hour. As practically all boilers are now rated on a Btu basis, 
it is unnecessary to convert the radiation load to equivalent square feet of equivalent 
radiation. 

2. Hot Water Supply Load, The estimated maximum heat in Btu per hour required 
to heat water for domestic use. 

When the hot TOter supply is heated by the building heating boiler, this load must 
be taken into consideration in sizing the boiler. A common practice is to add 240 Btu 
per hour to the radiation load for eadi gallon of storage tank capacity. For more specific 
infopnation see Chapter 60. 

3. Piping Tax, The estimated heat emission in Btu per hour of the piping con- 
necting the radiation and other apparatus to the boiler. 

As the heating industry as a whole is not entirely agreed upon piping tax allowances 
for different sizes of installations it is better to compute the heat emission from both 
bare and covered pipe surface in accordance with data in Chapter 28. In average house 
heating systems, it is common practice to consider the piping tax to be equal to 26 per 
cent of the Net Load. In determining Net I=B^R Ratmgs from Gross I^B=R 
Output, the piping factor adlowed varies from 30 per cent for small boilers to 12 per cent 
for larger boilers. 

4. Warming-Up or Pick-Up Allowance, The estimated increase in the normal load 
in Btu per hour caused by the heating up of the cold system. 

The warming-up allowance represents the load due to heating the boiler and contents 
to operating temperature, and heating up cold radiation and piping. The factors to be 
used for determining the allowance to be made should be selected from Table 4. 

Other items to be considered in boiler selection are: 

(а) Efficiency with hard or soft coal, gas, or oil firing, as the case may be. 

(б) Grate area with hand fired coal, or fuel burning rate with stokers, oil, or gas. 

(c) Combustion space in the furnace. 

(d) Type of heat liberation, whether continuous or intermittent, or a combination of 
both. 

{fi) Convenience in Bring and cleaning. 

(f) Adaptability to dianges in fuel and kind of attention. 

(g) Height of water line. 

(h) Miscellaneous items such as draft available, possibility of future extension, pos- 
sibfiity of break-down, and head room in the boiler room. 

(i) The most economical size of boiler is usually one that is just the right size for the 
load. Either larger or smaller boilers may be less economical. 

Selection of Cast-Iron Boilms 

Net load ratings of cast-iron boilers are usually available from manu- 
facturers* catalogs. They may also be obtained conveniently from 
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published tables of I^B^R ratings®, or from recommendations of the 
Heating, Piping and Air Conditioning Contractors National Association'^ 
and can be used in selection of boilers, unless the heating system contains 
an unusual amount of bare pipe, or the nature of the connected load is 
such that the normal allowances for pipe loss and pickup do not apply. 
In such a case, the selection must be based on the gross output. 

Selection of Steel Heating BoUero 

SBI catalog ratings in accordance with the previously mentioned Steel 
Boiler Institute, Inc. code are intended to correspond with the estimated 
design load. When the heat emission of the piping is not known, the net 
load to be considered for the boiler may be determined from Tabjies 1 and 
2. The difference between design load and net load represents an amount 
which is considered normal for piping loss of the ordinary heating system. 

Boilers with less than 177 sq ft of heating surface and having SBI net 
ratings (steam) of not more Ilian 3,000 sq ft if mechanically fired and 
2,480 sq ft if hand fired, are classified as residence size. An insulated 
residence boiler for oil, gas, or stoker firing may carry a net load expressed 
in square feet of steam radiation of not more than 17 times the square 
feet of heating surface in the boiler, provided the boiler has been tested 
in accordance with the SBI Code for Testing Oil-Fired Steel Boilers at 
output rates of 126, 150, and 175 per cent of the SBI Net Rating. The 
SBI Net Rating (square feet steam) for hand-fired residence boilers is 
not greater than 14 times the heating surface. If the heat loss from the 
piping system exceeds 20 per cent of the installed radiation, the excess 
is to be considered as a part of the net load. 

Sdiection Based on Heating Surface and Grate Area 

Where neither the net load nor gross output ratings based upon per- 
formance tests are available, a good general rule ^ for conventionally 
designed boilers is to provide 1 sq ft of boiler heating surface for each 
14 sq ft of equivalent radiation (240 Btu per square foot) represented by 
the design load. This' is equivalent to allowing 10 sq ft of boiler heating 
surface per boiler horsepower. In this case it is assumed that the maxi- 
mum lo^ including the warming-up allowance will be provided for by 

Table 4. Warming-up Allowances for Haot-Fired Low-Pressure Steam 
AND Hot Water Heating Boilers 


Design Load (BiiPB]iaRSTiNoSmaimoRorlTiaiBl,2,Ain>3) 

PiBGiNiAGa Capacht to Ann 
rOR WABIUNG-Uro 

Btu per Hour 

Equivalent Square Feet of Radiationd 

Up to 100,000 

Up to 420 

65 

100,000 to 200,000 

420 to 840 

60 

200,000 to 600,000 

840 to 2500 

55 

600,000 to 1,200,000 

2500 to 5000 

50 

1,200,000 to 1,800,000 

5000 to 7500 

45 

Above 1,800,000 

Above 7500 

40 


aThis table is taken from the A S.H.V E Code of Mimmnm Requirements for the Heating and Venti- 
lation of Buildings, except that the second column has been added for convenience m mterpretmg the design 
load in terms of equivalent square feet of radiation. 

hSee also Time Analysis in Starting Heatmg Apparatus, by Ralph C. Tapart (A S.H.V.E. Transac- 
tions, Vol. 19, 1913, p 292) ; Report of A S.H.V E. Continuing Committee on Codes for Testmg and Rating 
Steam Heatmg Sohd Fuel Boilers (A.S H V E. Transactions, Vol 36, 1930, p. 36) ; Selecting the Right 
Size Heating Boiler, by Sabin Crocker (Seaitng, Ptpmg and Atr Condtltomng, March, 1932). 

oThis table refers to hand-fired, sdUd fud boilers. A factor of 20 per cent over design load is adequate 
when auiomattcaUy-fired fuels are used 
<1240 Btu per square foot. 
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Operating the boiler in excess of the design load^ that is, in excess of the 
100 per cent rating on a boiler-horsepower basis. SB I ratings for hand 
firing are based on 10 sq ft of heating surface per boiler horsepower. 

Due to the wide variation which may be encountered in manufacturers’ 
ratings for boilers of approximately the same capacity, it is, advisable to 
check the grate area required for heating boilers burning solid fuel by 
means of the following formula: 


CX FXE 


( 1 ) 


where 

G = 
E =» 
C « 


F 

E 


grate area, square feet. 

required gross output of the boiler, Btu per hour (see Selection of Boilers), 
desirable combustion rate for fuel selected, pounds of dry coal per square foot 
of grate per hour (see Table 5). 
calorific value of fuel, Btu per pound, 
efficiency of boiler, usually taken as 0.60. 

Example 1. Determine the ^ate area for a required gross output of the boiler of 
600,000 Btu per hour, a combustion rate of 6 lb per hour, a calorific value of 13,000 Btu 
per pound, and an efficiency of 60 per cent. 

^ “ 6 X 13,000 X 0.60 * 

The boiler selected should have a grate area not less than that deter- 
mined by Equation 1. With small boilers, where it is desired to provide 
sufficient coal capacity for approximately an eight-hour firing period plus 
a 20 per cent reserve for igniting a new charge, more grate area may be 
required depending upon the depth of the fuel pot. 


Table 6. Practical Combustion Rates for Coal-Fired Heating Boilers Oper- 
ating AT Maximum Load on Natural Draft of from in. to in. Waters 


Kind of Coal 

Sq Ft Grate 

Lb of Coal per Sq Ft 
Grate per Hoxnt 


Up to 4 

3 


5 to 9 


No. 1 Buckwheat Anthracite 

10 to 14 

4 


15 to 19 

m 


20 to 25 

5 


Up to 9 

5 

Anthracite Pea 

10 to 19 



20 to 25 

6 


Up to 4 

8 


6 to 9 

9 

Anthracite Nut and Larger 

10 to 14 

10 


16 to 19 

11 


20 to 26 

13 


Up to 4 

9.5 

Bituminous 

6 to 14 

12 


16 and above 

16.5 


■Steel boilers usually have hl^er combustion rates for grate areas exceeding 16 sq ft than those Indicated 
in this table. 












s$o 


CHAPTER IS 


1947 Guide 


Selection oi Gae-Fired Boilers 

After determining the net load for the installation, gas designed 
boilers can usually be selected from manufacturers' tables of net load 
ratings which are based on piping and pickup allowances varying from 
56 per cent for boilers of 200 sq ft and less to 35 per cent for boilers of 
4000 sq ft and larger. If the piping and pickup load or other factors 
create an unusual load, a boiler should be select^ which has an A.G.A. 
output rating equal to the maximum output required. Detailed recom- 
mendations for selection of gas designed boilers are given in the A.G.A, 
publication, Comfort Heating*. 


SPACE LIMITATIONS 

Boiler rooms should, if possible, be situated at a central point with 
respect to the building and should be designed for a maximum of natural 
light. The space in front of the boilers should be sufficient for firing, 
stoking, ash removal and cleaning or renewal of flue tubes, and should 
be at least 3 ft greater than the length of the tubes. 

A space of at least 3 ft should be allowed on at le^t one side of every 
boiler for convenience of erection and for accessibility to the various 
dampers, cleanouts, and trimmings. The space at the rear of the boiler 
should be ample for the chimney connection and for cleanouts. With 
large boilers tihie rear clearance should be at least 3 ft in width. 

The boiler room height should be sufficient for the location of boiler 
accessories and for proper installation of piping. In general the ceiling 
height for small steam boilers should be at least 3 ft above the normal 
boiler water line. With vapor heating, especially, the height above the 
boiler water line is of vital importance. 

When steel boilers are used, space should be provided for the removal 
and replacement of tubes. 

CONNECTIONS AND FITTINGS 

Steam outlet connections should be the full size of the manufacturers' 
tappings in order to keep the velocity of flow through the outlet reasonably 
low and to avoid fluctuation of the water line and undue entrainment of 
moisture, and should extend vertically to the maximum height available 
above the boiler. A steam velocity in boiler outlets not exceeding 25 to 
30 fps at maximum load is recommended unless data are available to 
show that a higher velocity is satisfactory. 

Particular attention should be given to fitting connections to secure con- 
formity with the ASME Boiler Construction Code for Low Pressure 
Heating Boilers. Attention is called in particular to pressure gage piping, 
water gage connections, and safety valve capacity. 

Where a return header is used on a cast-iron sectional boiler to distribute 
the returns to both rear tappings, it is advisable to provide full size 
plugged tees instead of elbows where the branch connections enter the 
return tappings. This facilitates cleaning sludge from the bottom of the 
boiler sections through the large plugged openings. An equivalent clean- 
out plug should be provided in the case of a single return connection. 

Blow-off or drain connections should be made near the boiler and so 
arranged that the entire system may be drained of water by opening the 
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drain cock. In the case of two or more boilers separate blow-off connec- 
tions must be provided for eadi boiler on the boiler side of the stop valve 
on the main return connection. 

Water service oormections must be provided for both steam and water 
boilers, for refilling and for the addition of make-up water to boilers. This 
connection is usu^y of galvanized steel pipe, and is made to the return 
main near the boiler or boilers. 

For further data on pipe connections for steam and hot water heating 
systems, see Chapter 23 and 24 and the ASMB, Boiler Construction Code 
for Low Pressure Heating Boilers. 

Smoke Breeching and Chimney Connections. The breeching or smoke 
pipe from the boiler outlet to the chimney should be air-tight and as short 
and direct as possible, preference being given to long radius and 45-deg 
instead of 90-d^ bends. The breeching entering a brick chimney should 
not project beyond the flue lining and where practicable it should be 
grouted from the inside of the chimney. A thimble or sleeve usually is 
provided where the breeching enters a brick chimney. 

Where a battery of boilers is connected into a breeching each boiler 
should be provid^ with a tight damper. The breeching for a battery 
of boilers ^ould not be reduced in size as it goes to the more remote 
boilers. Good connections made to a good chimney will usually result in 
a rapid response by the boilers to demands for heat. 

ERECTION. OPERATION. AND MAINTENANCE 

The directions of the boiler manufacturer ^ould always be read before 
the assembly or installation of any boiler is started, even though the 
contractor may be familiar with the boiler. All joints requiring boiler 
putty or cement which cannot be reached after assembly is complete 
must be finished as the assembly progresses. 

Five precautions that should be taken in all installations to prevent 
damage to the boiler are: 

1. There should be provided proper and convenient drainage connections for use if 
the boiler is not in operation during freezing weather. 

2. Strains on the boiler due to movement of piping during expansion should be 
prevented by suitable anchoring of piping and by proper provision for pipe expansion 
and contraction. 

8. Direct impingement of too intense local heat upon any part of the boiler surface, 
as with oil burners, should be avoided by protecting the sufface with firebrick or other 
refractory material. 

4. Condensation in steam systems must fiow back to the boiler as rapidl}^ and uni- 
formly as possible. Return connections should prevent the water from backing out of 
the boiler. 

5. Automatic boiler feeders and low water cut-off devices which shut off the source 
of heat if the water in the boiler falls below a safe level are recommended for mechanically 
fired boilers. 

Bofler Troubles 

A complaint r^arding boiler operation generally will be found to be 
due to one of the following: 

1. The boiler Jails to ddiver enough heal. The cause of this condition may be: (u) poor 
draft; Qji) poor fuel; {c) inferior attention or firing; (d) boiler too small; (s) improper 
piping; (J) improper arrangement of sections; (g) heating surfaces covered with soot; 
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{h) insufficient radiation installed; and (t) with mechanical firing, fuel burning equip- 
ment too small. 

2. The vjoUr Une is unsteady . The cause of this condition may be: (a) grease and dirt 
in boiler; (J) water column connected to a very active section and, therefore, not 
lowing actual water level in boiler; and (c) boiler operating at excessive output. 

8. Water disappears from gage glass. This may be caused by; (a) priming due to 
gre^ and dirt in boiler; (&) too great pressure difference between supply and return 
piping preventing return of condensation; (c) valve closed in return line; (S) connection 
of bottom of water colunm into a very active section or thin waterway; and (e) improper 
connections between boilers in battary permitting boiler with excess pressure to push 
returning condensation into boiler with lower pressure. 

4. Water is carried over into steam main. This may be caused by: (a) grease and dirt 
in boiler; {b) insufficient steam dome or too small steam liberating area; {c) outlet con- 
nections of too small area; (d) excessive rate of output; and {e) water level carried 
higher than spedffed. 

5. Boiler is slow in response to operation of dampers. This may be due to: (a) poor 
draft resulting from air leaks into chimney or breeching; (b) inferior fuel; (c) inferior 
attention; (d) accumulation of clinker on grate; and (e) boiler too small for ^e load 

6. Boiler requires too frequent cleaning of flues. This may be due to: (a) poor draft; 
(() smoky combustion; {c) too low a rate of combustion; and (d) too much excess air 
in firebox causing chilling of gases. 

7. Boiler smokes through fire door. This may be due to: (a) defective draft in chimney 
or incorrect setting of dampers; (6) air leaks into boiler or breeching; (c) gas outlet from 
firebox plugged with fuel; (d) dirty or clogged flues; and {e) improper reduction in 
breeching size. 

8. Low carbon dioxide. This may be due on oil burning boilers to: (a) improper ad- 
justment of the burner; Q>) leak^e through the boiler setting; (c) improper caused 
by a fouled nozzle; or (d) to an insufficient quantity of oil being burned. 

Cleaning BoQera 

All boilers are provided with flue clean-out openings through which the 
heating surface^ can be reached by means of brushes or scrapers. Flues 
of solid fuel boilers should be cleaned often to keep the surfaces free of 
soot or ash. Gas boiler flues and burners should be cleaned at least once 
a year. Oil burning boiler flues should be examined periodically to deter- 
mine when cleaning is necessary. 

’ The grease used to lubricate the cutting tools during erection of new 
piping systems serves as a carrier for sand and dirt, with the result that 
a scum of fine particles and grease accumulates on the surface of the 
water in all new boilers, while heavier particles may settle to the bottom 
of the boiler and form sludge. These impurities tend to cause foaming, 
preventing the generation of steam and causing an unsteady water line. 

This unavoidable accumulation of oil and grease should be removed 
by blowing off the boiler as follows: If not already provided, install a 
surface blow connection of at least in. nominal pipe size with outlet 
extended to within 18 in. of the floor or to sewer, inserting a valve in line 
dose to boiler. Bring the water line to center of outlet, raise steam pres- 
sure, and while fire is burning briskly open valve in blow-off line. When 
pressure recedes, dose valve and repeat process adding water at intervals 
to maintain proper level. As a final operation bring the pressure in the 
boiler to about 10 lb, dose blow-off, draw the fire or stop burner, and open 
drain valve. After boiler has cooled partly, fill and flush out several times 
before filling it to proper water level for normal service. The use of soda, 
or any alkali, vinegar or any add is not recommended for cleaning heating 
boilers because of the difficulty of complete removal and the possibility 
of subsequent injury, after the cleaning process has been completed. 

Insoluble compounds have been developed which are effective, but 
spedal instructions on the proper cleaning compound and directions for 
its use, as given by the boiler manufacturer, should be carefully followed. 
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Care of Idle Heating Boilers 

Heating boilers are often seriously damaged during summer months 
due chiefly to corrosion resulting from the combination of sulfur in 
the soot with the moisture in the cellar air. At the end of the heating 
season the following precautions should be taken: 

1. All heating surfaces should be cleaned thoroughly of soot, ash and residue, and the 
heating surfaces of steel boilers should be given a coating of lubricating oil on the hre 
side. 


2. All machined surfaces should be coated with oil or grease. 

3. Connections to the chimney should be cleaned and in case of small boilers the pipe 
should be placed in a dry place after cleaning. 

4. If there is much moisture in the boiler room, it is desirable to drain the boiler to 
prevent atmosphenc condensation on the heating surfaces of the boiler when they are 
below the dew-point temperature. Due to the hazard that some one may inadvertently 
build a fire in a dry boiler, however, it is safer to keep the boiler filled with water, par- 
ticularly in residential installations Air can be excluded from a steam boiler by raising 
the water level into the steam outlets. A hot water system usually is left fillM to the 
expansion tank. 

5. The grates and ashpit should be cleaned. 

6. Clean and repack the gage glass if necessary. 

7. Remove any rust or other deposit from exposed surfaces by scraping with a wire 
brush or sandpaper. After boiler is thoroughly cleaned, apply a coat of preservative 
paint where required to external parts nonnally painted. 

8. Inspect all accessories of the boiler carefully to see that they are in good working 
order. In this connection, oil all door hinges, damper bearings, and r^ulator parts. 


WARM Am FURNACES 

Warm air heating furnaces of a number of types and a wide range 
of sizes are listed and illustrated in the Catalog Data Section, 

TYPES OF FURNACES 

Warm air furnaces may be classified in several different ways: 

a. According to method of heat distribution — ^these are either gravity or mechanical 
(blower) furnaces. 

h. According to fuels for which the furnaces are designed — ^these are coal hand-fired 
or stoker-fired, oil, gas, or wood. 

c. According to materials of construction — ^they are cast-iron, low carbon steel, and 
occasionally high temperature steel alloys. 

d. According to design or construction, such as drum and radiator, tubular, hori- 
zontal, etc. 

Gravity Warm Air Furnaces 

A gravity furnace is one in which the motive head producing air flow 
depends upon the difference in density between the heated air leaving 
the top of the casing and the cooled air entering the bottom of the casing. 
Since this gravity head is relatively low, the furnace must have low in- 
ternal resistance to the flow of air and relatively large areas must be 
available for free circulation within the furnace casing. It is common 
practice to provide approximately 50 per cent free air area through 
gravity type furnaces. 

Furnaces for gravity type systems are available in designs suitable for 
central heating, pipeless furnace, or unit floor furnace installations. 
Booster fans are sometimes used in conjunction with gravity design 
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systems, to increase air circulation. Where a fan is to be used with a 
furnace casing sized for gravity air flow, some form of baffling must be 
employed to restrict the free area within the casing and to force impinge- 
ment of the air against the heating surfaces. Where square casings are 
used, the comers must be baffled. 

Mechanical Wann Air Furnaces 

Mechanical or forced warm air furnaces include fans or blowers as 
integral parts for the purpose of circulating the air and usually include air 
filters. 

Fans and Motors 

Centrifugal fans with either backward or forward curved blades are 
the type most commonly used. Motors may be mounted on the fan 
shaft or connected to the fan by a belt drive. Adjustable pulleys are 
desirable to provide means of regulating the quantity of air distributed 
to the heated spaces. Either the motor load or the noise may limit the 
maximum operating fan speed. Two-speed motors have giv^ successful 
operating results and are recommended. Motors and mountings must be 
carefully selected for quiet operation. Electrical conduit and water piping 
must not be fastened to, nor make contact with the fan housing. 

Filters 

Several types of filters are available for mechanical warm air furnace 
applications and are discussed in Chapter 33. For maximum efficiency 
and life under operating conditions, filters should not be subjected to a 
temperature in excess of 150 F. Filters should have at least 80 per cent 
average efficiency on an 8-hr test at a maximum resistance of 0.25 in. of 
water. Filter resistance rises rapidly with lie accumulation of dirt, 
and may reduce the air circulation over heating surfaces. In domestic 
furnaces, the maximum velocity, based on nominal filter area, should not 
exceed 300 fpm. 

Fuel Utilization 

A combustion rate of from 5 to 8 lb of coal per (square foot of grate) 
(hour) is recommended for residential furnaces. A higher combustion 
rate is permissible with larger furnaces for buildings other than residences, 
depending upon the ratio of grate surface to heating surface, firing period, 
and available draft. 

In residential furnaces for coal burning, the ratio of heating surface 
to grate area will average about 20 to 1; in commercial sizes the ratio 
may be as high as 60 to 1, depending on fuel and draft. Furnaces may be 
installed singly, each furnace with its own fan, or in batteries of a number 
of furnaces, using one or more fans. 

Where oil fuel is used, care must be exercised in selecting the proper 
size and type of burner for the particular size and type of furnace used. 
Furnaces for burning oil fuel are usually designed for blow-through 
installations so that 5ie pressure in the air space is higher than that in 
the combustion chamber or flues. The National Warm Air Heating and 
Air Conditioning Association has prepared a Tentative Code for Testing 
and Rating of Oil-Fired Furnaces, Compact fan-fumace-bumer units 
are available, suitable for basement, closet, or even attic installations. 

Gas-fired forced air furnaces should conform in construction and 
performance to A,G.A, Approval Requirements. 
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Heavy Duty Fan Furnaces 

Fan furnaces for large commerdal and industrial buildings, churches, 
schools, etc., are available in sizes ranging from 300,000 to 3,000,000 Btu 
per (hour) (unit). Heavy duty furnace heaters may be arranged in 
battery combinations of one or more units. 

Most manufacturers of heavy duty furnaces rate their furnaces in Btu 
per hour and also in the number of square feet of heating surface. Con- 
servative practice indicates that at no time in the heating-up period 
should the furnace surface be required to emit more than an average of 
3500 Btu per square foot. A higher rate of heat emission tends to increase 
the heat loss up the chimney, and raise fuel consumption, to shorten the 
life of the furnace, and to overheat the air. The ratio of heating surface 
to grate area of furnaces for this t5^e of work should never be less than 
30 to 1 and as indicated previously may run as high as 50 to 1. 

Control of temperature is secured through (1) controlling the quantity 
of heated air entering the room, (2) using mixing dampers, or (3) r^^- 
lating the fuel supply. 

The design of heavy duty fan furnace heating systems is in many 
respects similar to that of the central fan heating systems described in 
Chapter 43. Ducts are designed by the method outlined in Chapter 41. 

MATERIALS AND CONSTRUCTION 
Cast-Iron Furnaces 

Cast-iron furnaces are made in a multiplicity of designs or shapes. For 
solid fuels they are generally of round sectional construction, the sections 
being cement^ or bolted together. Various types of radiators for second- 
ary convection heat transfer are employed. Such radiators are of the 
circular, doughnut type, or tubular type. 

Cast-iron is frequently used in the construction of gas or oil-fired 
furnaces, designs varying considerably with two general types in common 
use:^ multi-sectional type and those with single combustion chambers 
having auxiliary secondary smiace. 

Cast-iron furnaces are made in capacities ranging from those for small 
insulated residence application with inputs of 40,000 Btu per hour or 
less, to capacities as large as 600,000 Btu per hour. 

Cast-iron furnaces are usually constructed with a minimum sectional 
thickness of 34 in. and effectively resist high temperatures and corrosion. 
They usually have a fairly large heat capacity because of their mass, 
which provides a distinct //y wheel or carry-over heating effect. 

Steel Furnaces 

Formed sheet steel construction is frequently used in furnace design. 
Welding, riveting, or both are used to join the formed metal. The use 
of steel castings, however, is rare, because of the cost, and because high 
stresses are not encountered in normal furnace construction. Types of 
design employed vary greatly, although perhaps the most common type 
consists of a drum and circumferential or rear radiator.^ Steel gas fur- 
naces may also be sectional in design or may be combinations of common 
combustion chambers and sectional or tubular radiation surfaces con- 
nected to a flue gas collector. 

Steel furnaces are made in capacities ranging from those for small 
insulated residence application with inputs of 40,000 Btu per hour to 
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capacities as large as 600,000 Btu. Steel furnaces have low heat capacities 
as a result of their relatively low mass and, therefore, deliver heat 
rapidly on demand. 

RATING OF FURNACES— TESTING AND SATING CODES 

Warm air furnaces are generally rated in Btu per hour output at 
the bonnet (point of heat generation) or at the register (point of heat 
delivery). 

Rating Equations for Gravity Warm Air Furnaces^ 

Until a method of testing and rating gravity warm air furnaces has 
been developed, the following empiri^ rating equations are recom- 
mended by die National Warm Air Heating and Air Conditioning Asso- 
ciation. 

Gravity warm-air furnaces of conventional design, having ratios (of 
heating surface to grate area) of 16 to 1 or greater, and having a ratio of 
casing area to face area not less than 0.4, are rated by the following 
equations: 

a. Hand-fired Jurnaces Converted to Stoker ^ Gas^ or Oil Firing. 

Bonnet Capacity in Btu per hour = 1785 x 5 x 1.333 (2) 

b. Hand-fired furnaces ^ with ratios of heating surface to grate area greater than 15 to 1 
and less than IBS to 1. 

Bonnet Capacity in Btu per hour = 1785 x 5 x 1.333 (3) 

c. Handrfired furnaces with ratios of heating surface to grate area in excess of fB5 to 1. 

Bonnet Capacity in Btu per hour = 1785 x 25 x G x 1 333 (4) 

where 

S » heating surface, in square feet. 

G = actual grate area, in square feet. 

The Register Delivery Rating is equal to 0.76 x {Bonnet Capacity). 
The Leader Pipe Rating in square inches, formerly used as a rating unit, 
may be found by dividing the Register Delivery Rating by 136. 

Heating Surface of Furnace 

Prime heating surface is defined as surface above the top of the grate 
having hot gases or live fuel on one side and circulating air over the other ^ and 
in all cases is measured on the exterior or air side. The areas of the outer 
casing, the inner liner, and any radiation shields shall not be con- 
sidered as heating surface. 

In determining the amount of heating surface, extended surfaces are 
considered to be prime heating surface subject to the following limitations: 

a. Extended heating surface may consist of fins, ribs, webs, lugs, or other projections 
from the prime heating surface. Projections less than in. thick at the base and 
extending more than 1 in. from the prime surface are classified as fins. 

b. Integral fins are continuously welded to, or cast as a part of, the prime heating 
surface. Both sides are included as heating suriace, subject to the following allowances: 


Distance from Prime Surface 

1st inch 

2nd inch 

3rd inch 

Over 3 in. 


Ratio of Effective Area to Total Area — 

0.40 

0.30 

0.20 

None 
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c- Non-int^;ral fins are spot welded to, or otherwise held in line contact with the 
prime heating surface. Both sides are included as heating surface, subject to the fol- 
lowing allowances: 


Diijtance from Prime Surfari* 

1st inch 

2nd inch 

3rd inch 

Over 3 in. 


Ratio of Effective Area to Total Area 

0 30 

0.20 

0.15 

None 


d. In the case of ribs, webs, or lugs more than M thick at the base and extending 
less than 1 in. from the prime surface, the entire surface in contact with circulating air 
is included as heating sunace. 

e. In the case of ribs, webs, or lu^ more than in. thick at the base and extending 
more than 1 in. from the prime heating surface the dxees of both sides of the first inch 
are included as prime heating surface. The portions projecting beyond 1 in. are treated 
as int^jal fins. 

Grate Area 

Grate area is defined and treated for purpose of rating as follows: 

a. The nominal grate area is defined as the total cross-sectional area of the bottom of 
the firepot. In steel furnaces the nominal grate area is the cross-sectional area inside 
the firebrick lining. 

b. The actual grate area, used for calculating the ratios of heating surface to grate 
area, is the nominal grate area minus certain areas that cannot be considered as part of 
the grate itself. The following rules govern these deductions: (1) If a solid, con- 
tinuous ledge extends around me grate and inside the firepot, any area of this ledge 
extending inside of a circle, the diameter of which is 1 in. less than the diameter of the 
bottom of the firepot, shall be deducted. (2) If sepap.te, solid projections extend from 
the firepot towarcis the grate, the ar^s of any portions of th^e projections extending 
inside of a circle, the diameter of which is 3 in. less than the diameter of the bottom of 
the firepot, shall be deducted. (3) In the case of grates which are inclined, or are conical, 
the projected area is the same as the nominal grate area. The latter should, therefore, 
be usea alter making any necessary deductions. 

Ratings for Forced Air Furnaces 

For solid fuel burning, forced air furnaces having bonnet capacities 
between 80,000 and 250,000 Btu per hour, no standard method of test 
has been accepted, although eventually such codes will be developed. 
The National Warm Air Heating and Air Conditioning Association 
recommends empirical equations similar to Equations 2, 3, and 4 for 
gravity furnaces, except that a constant of 2265 is used in place of 
the 1785. 

The following testing and rating codes have been generally accepted 
in the industry; 

Commercial Standards CS-109’Jf4 for rating solid fuel-burning, forced^ furnaces 
having bonnet outputs of 80,000 Btu per hour or less. This provides a method of rating 
small coal-fired forced-air furnaces by test. 

A TerUative Code for Testing Oil-Fired Furnaces, This code has been adopted by the 
National Warm Air Heating and Air Conditioning Association for rating oil-fired fur- 
naces by test. 

The American Gas Association method of rating gas-fired furnaces based upon per- 
formance under tests. This is described in the Approval Requirements for Central 
Heating Gas Appliances. 

Commercial Standards llS-44 is a method of rating oil-burning floor furnaces by test. 

Commercial Standard CS 104-43 is a method of rating warm air furnaces equipped 
with pot-type oil burners by test. 

Various codes covering the construction and performance of appliances as related to 
fire hazards have been developed by Underwriter Laboratories, Inc. In addition, there 
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are many municipal codes “ which r^ulate construction and installation of furnace 
equipment. 

The Yardstick of the National Warm Air Heating and Air Conditioning Association 
provides criteria for evaluating a furnace design and installation against industry 
accepted standards. 


FOBNACE EFnCIENCY 

Rating formulae of the National Warm Air Heating and Air Conditioning 
Association are based on 66 per cent efficiency for gravity coal furnaces 
and 66 per cent efficiency for forced air coal furnaces. In the tentative 
Oil Testing Code the contemplated minimum efficiency is 70 per cent 
for oil fired forced air furnaces. Gravity gas furnaces approved by the 
American Gas Association are assigned a rating betsed on 76 per cent 
efficiency. All forced air gas-fired furnaces approved by American Gas 
Association are assigned a rating based on 80 per cent efficiency. 

DESIGN CONSIDERATIONS 

Considerations of prime importance in the design of warm air fur- 
naces and some general suggestions to be observed in connection with 
each are as follows; 

1. Adequate heat transfer surface. 

a. Heat transfer rates of 2,000 to 4,500 Btu per (hour) (square foot) of heating 
surface may be obtained without unduly high metd temperatures. 

b. Fins» pins and bosses are frequently used to add surface and to break down 
superficial gas films, both on gas-to-metal and metal-to-air surfaces. 

c. Surface and stack (flue ^) temperatures are good indications of the amount 
and effectiveness of the heating surfaces. 

2. Safe and efficient combustion of fud. 

a. Proper mixture of fuel and air is necessary for efl&cient combustion. This 
necessitates careful attention to the design of g^tes, nozzles, burners, air inlet 
areas and location, and combustion chamber baffling. 

b. Regulation of the quantity and the distribution of the air for combustion 
should be provided by use of check dampers, draft regulators, draft hoods, air 
shutters and air orifices. 

c. Total draft loss through appliances should not exceed that available from 
chimneys which would normally be obtainable in the size of building which the 
appliance will supply with heat. 

d. The use of ignition safety devices such as safety pilots, hold-fire controls, and 
the like is recommended. 

3. Fuel Capacity of Appliance. 

a. With solid fuels adequate coal capacity should be provided for at least 5 hr of 
operation at the maximum rated combustion rate. 

4. Adequate circulation of air over heating surface. 

a. In gravity furnaces, free air space between casmg and heat exchanger should 
be great enough to permit free flow over all surfaces. 

b. Forced air furnace design must include fans having proper capacity and suitable 
performance characteristics. Internal static pressures must be minimized without 
losing the advantages of high velocity circulation over the heat exchanger surfaces. 

c. The air flow over the heating surface must be directed to obtain maximum 
efiadency and to eliminate hot spots and air noises. 

d. Air velodties at bonnet should not be much in excess of 1,000 fpm and air 
temperature distribution at the furnace outlet should be uniform within approxi- 
mately sfc 30 deg. 
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square feet (steam) on the basis of heating surface with limitations set 
for grate area, furnace volume, and furnace height. The residential 
boilers (defined as those having not more than 177 sq ft of heating surface) 
are rated on tests for oil-fired boilers, with limitations in relation to heat- 
ing surface and testing conditions. Stoker-fired and gas-fired residential 
boilers are rated {SBI Net Rating) not in excess of the oil-fired rating. 
Hand-fired residential boilers are rated {SBI Net Rating) not greater 
than 14 times the heating surface. 

Tables 1 and 2 show the SBI ratings of residential and commercial 
steel boilers respectively. 

The Institute of Boiler and Radiator Manufacturers haa adopted a Code ® 
for rating cast-iron heating boilers based upon performance obtained 
under controlled test conditions. This Code applies to all sectional cast- 
iron heating boilers except those of magazine feed type. 

The Gross I =B=R Output is obtained by test and is subject to certain 
limiting factors. For hand fired boilers, the number of boilers of a series to 
be tested, the minimum over-all efficiency, the minimum time limit (the 
time an Available Fuel Charge will last when burned at a rate which will 
produce the Gross I=^B=R Output), the chimney area and height, and 
the draft in the stack are all subject to the limits established in the Code. 
Tests are run using anthracite coal of standard specification. Bituminous 
coal and coke ratings are the same as for anthracite coal. 

For automatically fired boilers, the number of boilers of a series to be 
tested, the flue gas temperature and analysis, the minimum over-all 
efficiency, the dr&t loss through the boiler, and the heat release in the 
combustion chamber are subject to limitation by the Code®. Auto- 
matically fired boiler ratings are established by oil fired tests using gun 
type oil burners and commercial grade No. 2 fuel oil. Stoker fired and 
gas fired ratings (where no A.G.A. Rating is published) are based on the 
Gross I—B^R Output obtained by oil fired tests. 

The Net I=B^R Rating is determined from the Gross I^B=^R 
Output by applying specified Piping and Pickup Factors which range 
from 2.36 to 1.40 for hand fired boilers and from 1.56 to 1.288 for auto- 
matically fired boilers. In both cases, the factor decreases as the boiler 
size increases. Table 3 is abstracted from the I=B = R Rating Tables 
in the Code and illustrates the relationship between Net I =B==R Rating 
and Gross I^B^R Output, 

The American Gas Association has adopted a method of rating gets 
designed boilers based upon performance under tests. This is described 
in Approval Requirements for Central Heating Gas Appliances. 

The Heating, Piping and Air Conditioning Contractors National As- 
sociation has adopted a method of rating boilers based on their physical 
characteristics for those boilers that are not rated in accordance with the 
SBI or I=B^R Codes. Ratings are expressed on a Net Load basis 
in square feet of steam radiation. 

BOILER EFnCIENCY 

The term efficiency as used for guarantees of boiler performance is 
usually construed as follows: 

1. SoUd Fuels, The efHciency of the hoUer alone is the ratio of the heat absorbed by 
the water and steam in the boiler per pound of combustible burned on the grate to the 
calorific value of 1 lb of combustible as fired. The combined efficiency of hoder, furnace 
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1000 Btu per pound are required. There is a trend in present practice 
toward heating the water in addition to heating the air. Equipment for 
doing this may make use of sprays, or it may take the form of water 
circulating coils placed within the combustion chamber and connected 
by pipes to the humidifier pans where a constant water level is maintained 
by some separate float device. 

Sprays are usually controlled by solenoid valves wired in parallel 
with the fan motor. The water supply may, in turn, be controlled by a 
humidity-controlling device located in one of the living rooms, so that the 
washer will operate at all times when the fan is in operation, unless the 
relative humidity should rise beyond a desirable percentage. Sprays 
used in connection with commercial or heavy duty plants should be a 
regulation type of commercial spray. In all cases provision must be made 
to flush out accumulation of lime and dirt. 
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Idanual for the Dedgn and Installation of Gravity Warm Air Heating Systems, {National Warm Atr Seating 
and Air Conditioning Assodation). 

Recommended forms for mumdpal installation and fire codes are included in Volume 7 — Code and 
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rxcf A'%ralls.7bl& DrQ.ft, D&tGimnxrxiTi^ dtlzjctrLeor SiasG&, 
tin^ R&qviir&di JDr&ft, Dozne^tzG Chzjnnctjrs, OJb^ 
^GT^OTrunancG, Dr&ft JRegrtzix'eTnejn^s of JDaxnestiG 
Zhljoninery's for Gras Ifes.tin^, Corx^trtrctiort JDe^afls^ 

Cr&rxGrs.l Oorzsicfer-ations 

5 older sense, is a current of air and the draft of a 
r is that air current which flows through the fire-box 
cygen for combustion. In engineering, however, the 
5 to mean that pressure difference which causes this 
nd the word will be used in this sense in this chapter, 
leasured in inches of water and it is proper to speak 
ire-box or in the smoke breeching, etc., meaning the 
e between the gases within and the air without those 
Draft is called positive when the pressure within such 
lat outside. 

as natural and mechanical, depending on whether it 
mney or by a blower, and mechanical draft is further 
1 or forced, depending on whether the air is drawn 
trough the combustion chamber. 

ire both to create a draft and to dispose of combustion 
ble height. For the latter purpose, chimneys, stacks, 
ps, funnels, are used in conjunction with mechanical- 

THEORETICAL DRAFT 

* two equal chimneys is heated while that in the other 
5 heated chimney will be less heavy than that in the 
a manometer or other pressure gage connecting the 
dll indicate a pressure difference, called natural draft, 
air at the tops of the two chimneys will be equal, so 
Ference between them at the bottom will depend only 
bhe difference in density of the air they contain. The 
either chimney is inversely proportional to its absolute 
It the difference in pressure between them at the 
Drtional to their height and to the difference between 
e absolute temperatures within them, 
he bottom of an unheated (and uncooled) chimney 
:hat of the air outside, so that the unheated chimney 
1 the foregoing illustration. The manometer reading 
uS free connection is left open to the atmosphere. 

3ns in conjunction with those of barometric pressure 
n density of flue gases from that of air lead to the 

x>t - 2.96 HBo (1) 


iney, feet. 

letric pressure, inches of mercury. 

3 it O F and 1 atmosphere pressure, pounds per cubic foot, 
gas at O F and 1 atmosphere pressure, pounds per cubic foot. 
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Tq ** temperature of air surrounding the chimney, Fahrenheit degrees absolute. 

Tc ■■ average or effective temperature of the gases in the chimney, Fahrenheit de- 
grees absolute. 


The quantity Du yielded by the formula, is the pressure difference 
between the gas inside and air outside of the chimney, in inches of water, 
* when no flow occurs in the chimney. The quantity is variously known 
as the theoretical draft, the static draft or the computed draft. It is very 
useful in predicting and analyzing chimney performance, but it is seldom 
if ever attained in an actual chimney because of the friction incident 
to gas flow, wind effects, etc. 


AVAILABLE DBAFT 


The available draft, Dti,for large chimneys and stacks has been estimated 
with apparent satisfaction in the past by means of formulas which in 
effect deduct an estimated friction loss from a theoretical draft deter- 
mined as in Equation 1. The friction loss can be estimated by means 
of one of the formulas available for ducts, such as the Fanning equation. 
This procedure results in formulas for the available draft as follows: 


For a cylindrical stack: 

2?a - 2.96 HBo 


0.00126T17«rc/I. 
To ) IflBoWo 


( 2 ) 


and for a rectangular stack: 
Da - 2.96 HBo 


0.000388 W* TcfL (x + y) 
Bo Wq 


(3) 


where Da *■ available draft, inches water gage. 

H » height of chimney above grate, feet. 

Bo •* existing barometric pressure, inches of mercury. 

Wo ■» density of air at 0 F, 1 atmosphere pressure. 

Wo density of flue gas at 0 F, 1 atmosphere pressure. 

7*0 » temperature of atmosphere, Fahrenheit d^ees absolute. 

To temperature of flue gas, Fahrenheit degrees absolute. 

W = flue gas flow rate, pounds per second. 

/ » coefficient of friction. 

L « length of friction duct { ** JBf approximately), feet. 

D » minimum diameter of round chimney, feet. 

X and y » length and width of cross-section of rectangular chimney, feet. 


The following notes facilitate the use of Equations 2 and 3. 

1. The barometric pressure^ represented by Bo, is the actual pressure at the site of the 
chimney and not the pressure reduced to sea lev^ datum. 

In general, the barometric pressure decreases approximately 0.1 in. Hg per 100 ft 
increase in elevation. 

2. The unit weight of a cubic foot of chimney gases at 0 F and sea level barometric 
pressure is given by the equation: 

Wo “ O.iaiCft + 0.096ft -f 0.083iVi (4) 

In this e<]uation COt, ft and N% represent the percentages of the parts by volume of the 
carbon dioxide,^ oxygen and nitrogen content, respectively, of the gas analysis. For 
ordinary operating conditions, the value of Wo may be assumed at 0.09. 

The density effect on the chimney gases due to superheated water vapor resulting 
from moisture and hydr^en in the fud, or due to any air infiltrations in the chimney 
proper is disregarded. Though water vapor content is not disclosed by Orsat anal3^is, 
its presence tends to reduce the actual weight per cubic foot of chimney gases. 

3. The atmospheric temperature is the actual observed temperature of the outside air 
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at the time the analysis of the o^nerating chimney is made. The mean atmospheric 
temperature in the temperate zone is approximately 62 F. 

4. The chimney gas temperature decreases from the breeching connection to the top of 
the stack. This drop in temperature depends upon the materi^ and construction of the 
stack, its tightness or freedom from leaks, its area, its height, and the velocity of the 
gases through it. The same chimney will suffer different temperature losses dep^ding 
upon the capacity under which it is worki^ and the variable atmospheric conditions. 
No general equation covering all these variables has been suggested, but from observa- 
tions on chimneys varying in diameter from 3 to 16 ft and in height from 100 to 250 ft 
Equation 5 was deduct h 


Hb - 3 


( 6 ) 


where 

Ti = absolute temperature at the center of the connection from the breeching, 
Fahrenheit d^ees. 

Hb = the height of the stack above center line connection to breeching, feet. 

5. The coefficient of friction between the chimney gases and a sooted surface has been 
taken by many workem in this field as a constant ^^ue of 0.016 for the conditions in- 
volved. This value, of course, would be less for a new imlined steel stack than for a 
brick or brick-lined chimney, but in time the inside surface of all chimney r^;ardless of 
the materials of construction becomes covered with a layer of soot, and thus the coef- 
ficient of friction has been taken the same for all types of chimneys and in general 
constant for all conditions of operation. For reasons of simplicity and convenience to 
the reader, this constant value of 0.016 has been employed in the development of the 
various special equations and charts shown in this chapter. 

In important chimney design, especially when the construction or the materials are 
unusual, it is recommended that use be made of the Reynolds number * in determining 
the friction factor, /. 


The following problem illustrates the use of Equation 2: 

Example 1, Determine the available draft of a natural draft chimney 200 ft in height 
and 10 ft in diameter operating under the following conditions: atmospheric tempera- 
ture, 62 F ; chimney gas temperature, 500 F ; sea levd atmospheric pressure, Bo = 29.92 
in. Hg; atmospheric and chimney gas density, 0.0863 and 0.09, respectively; coefficient 
of friction, 0.016; length of friction duct, ft. The chimney clischaiges 100 lb of 
gases per second. 

Substituting these values in Equation 2 and reducing; 


Z?a = 2.96 X 200 X 29.92 X 


0.0863 0.09 \ 
. 522 960 / 


0.00126 X 100* X 960 X 0.016 X 200 
10» X 29.92 X 0.09 


« 1.27- 0,14 » 1.13 in. 


Fig. 1 shows the variation in the available draft of a typical 200 ft by 
10 ft chimney operating under the general conditions noted in Example 1. 
When the chimney is under static conditions and no gases are flowing, the 
available draft is equal to 1.27 in. of water, the theoretical intensity. As 
the amount of gases flowing increases, the available draft decreases imtil 
it becomes zero at a gas flow of 297 lb per second, at which point the draft 
loss due to friction is equal to the theoretical intensity. The point of 
maximum draft and zero capacity is called shut-off draft, or point of 
impending delivery, and corresponds to the point of shut-off head of a 
centrifug^ pump. The point of zero draft and maximum capacity is 
called the wide open point and corresponds to the wide open point of a 
centrifugal pump. A set of operating characteristics may be developed 
for any size chimney operating under any set of conditions by substituting 
the proper values in Equation 2 and then plotting the results in the 
manner shown in Fig. 1. 
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Fig. 1. Typical Set of Operating Characteristics of a Natural Draft Chimney 


Fig. 2 Is a typical chimney performance chart giving the available draft 
for various gas flow rates and sizes of chimney. This chart is based on an 
atmospheric temperature of 62 F, a chimney gas temperature of 500 F, 
a unit chimney gas weight of 0.09 Ib per cubic foot, sea level atmospheric 
pressure, a coefficient of friction of 0.016, and a friction duct length equal 
to the height of the chimney above the grate level. These curves may be 
used for general operating conditions. For specific conditions, a new chart 
may be prepared from Equation 2 or 3. 


DETERMINING CHIMNEr SIZES 


If the required performance for a proposed chimney is known and if 
a chimney-gas velocity is assumed, Equation 2 can be transposed to yield 
the necessary height and an equation can be developed for the required 
diameter. These operations result in the following equations: 


H 




Dt 

PTcN 

To) TcD 


( 6 ) 


The weight of gas per second, W = 12.076 " from which 

where 

H =s required height of chimney above grate, feet. 

D =» required minimum diameter of chimney, feet. 

V » chimney gas velocity, feet per second. 

Dx total required draft, inches of water. 

For large chimneys, it is usual to assume that total construction cost 
is least when the product HD (height X diameter) is minimum. On this 
assumption, the product of Equations 6 and 7 can be differentiated and 
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Fig. 2. Chimney 
Performance Chart 


To solve a typical example: Pro- 
ceed horizontally from a Wei^t 
Flow Rate point to intersection 
with diameter hne; from this inter- 
section follow vertically to chimney 
hdfi^t hne; from this mtersection 
follow horizontally to the nght to 
Available Draft scale Starting 
from a point of Available Draft, 
take steps m reverse order 


the differential set equal to zero to find the minimum. Solution for 
velocity then yields the following equation: 



vjhere 7e = ecx>noimcal chimney gas velocity, feet per second. 

Equations 6, 7 and 8 can of course be simplified if values sire assumed 
for some of the factors in it. Some typical figures for boiler plants are: 

Average chimney gas temperature 500 F. To =* 960 F absolute 

Average atmospheric temperature 62 F. To =* 522 F absolute 

Average coefficient of friction 0.016. / = 0.016 

Average chimney, gas density, 0 F, 1 Atmosphere. 17c ** 0.09 lb per cubic foot 

Barometer reading, sea level Bo ~ 29.02 in. Hg 

When these values are substituted in Equations 8, 7 and 6 respectively, 
the results are: 

7e - 13.7T7i^« (9) D - (10) H = 190I?r (11) 

Fig. 3 gives the economical chimney sizes for various amounts of gases 
flowing and for required draft intensities computed from Equations 9, 
10 and 11. They are based on the operating factors used in reducing 
Equations 6, 7 and 8 to their simpler form. The sizes shown by the 
curves in the chart should be used for general operating conditions only, 
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or where the required data necessary for an exact determination are 
difficult or impossible to secure. Whenever it is possible to secure accurate 
data, or the anticipated operating conditions are fairly well known, the 
required size should be determined from Equations 6, 7 and 8. 

FACTORS AFFECTING REQUIRED DRAFT 

The foregoing considerations deal with chimney size selection when the 
required draft and flue gas volume and temperature are known. The 

Height of Chimney, ft 



Diameter of Chimney, ft 


Diameter values also for gas temperatures of 400, 500 aad 600 F. 

Fig, 3, Economical Chimney Sizes 

required draft is, of course, equal to the sum of all the resistances to gas 
flow from the ash pit door to and including the chimney connection. 

Fig. 4 presents information on the fuel-bed draft loss for various kinds 
of coal burned at different rates and rough generalizations can be given 
for the losses in the flue passages of boiler or furnace, but, on account of 
the great differences in such devices, more reliable data on their flue gas 
volume temperature and flue resistance should be obtained for design 
purposes from their respective manufacturers. 

Flue gases encounter resistance to flow in breechings or smoke pipes 
and this can probably be treated with sufficient accuracy by means of the 
method used for air ducts. (See Chapter 41.) The friction in straight 
ducts can be estimated by means of the last terms of Equations 2 and 3. 

Also, the temperature of flue gases falls during passage through breech- 
ings or flue pipes. For uninsulated surfaces this probably can be ade- 
quately estimated by assuming a loss of heat from the flue gas of 3 Btu per 
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hour per square foot for each Fahrenheit degree temperature difference 
between the gases and surrounding air. 

DOMESTIC CHIMNEYS 

The height of a chimney for a residence or apartment is generally 
limited by the height of the building since it is desirable to have the 
chinmey architecturally congruous with the building. The height desir- 
able from an architectural viewpoint and the location of the chinmey 
may be disadvantageous to the operation of the boiler or furnace and it is 
therefore important that the manufacturer of the fuel burning appliance 
to be installed be consulted in regard to the adequacy of the chimney. 



POUNDS OF COAL BURNED PER SQ FT OF GRATE SURFACE PER HOUR 

Fig. 4. Draft Required at Different Rates of Combustion 
FOR Various Kinds of Coal 


A chimney in order to provide satisfactory performance must have 
adequate height and area, be of permanently tight construction and 
should be as smooth internally as practicable. 

It should be remembered that mechanically fired devices, oil burners 
and stokers, are equipped with blowers so that, with these devices, the 
chimney is not required to overcome the resistance of a fuel bed. Never- 
theless, a draft in the fire box, of about 0.03 in. of water is considered 
desirable so that any small openings in the fire box or flue passages will 
result in leakage of air inward, and not leakage of combustion products 
outward. This is not to be taken to condone leaks in fire boxes. Such 
leaks adversely affect plant efficiency. 

OBSERVED TEST PERFORMANCE 

The observed performances of some brick chimneys® are given in 
Tables 1 and 2. 

The tests on which these data are based were made at various outside 
temperatures as shown and, to make them comparable among themselves, 
the observed drafts were corrected to 32 F, 1 atmosphere pressure, by 
the formula: 


Table 1. Temperature and Draft in 9 in. by 9 in. Masonry 
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Table 2 . Temperature and Draft in 9 in. by 13 in. Masonry Chimney* 
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INDICATBD 

Fkictiokt 

Loss 

Inch 

Water 

-0.001 

4-0 005 
- -0.001 
+0.013 
+0.015 
+0.012 

+0 006 
-0.001 
+0 014 
+0.014 
+0.013 
+0.002 

0.000 

-0.002 

+0.004 

+0.004 

+0,007 

+0.002 

-0002 

-0.003 

+0.010 

-(-0004 

+0.013 

+0006 

-0.001 
-0 002 
-0 003 
-0.004 
+0.008 
-0.001 

1 

Q 

1 

Computed 
Static 
Inch Water 

0.077 

0.098 

0.194 

0.166 

0.221 

0.247 

0.086 

0.088 

0144 

0.175 

0.191 

0.227 

0.060 

0.072 

0.126 

0.144 

0.161 

0.185 

0.060 

0.066 

0.099 

0.115 

0.128 

0.147 

0.040 

0.038 

0.070 

0.078 

0.091 

0.100 

Observed 
Inch 
« Water 

0.078 

0.093 

0.193 

0.162 

0.205 

0.236 

0 081 
0.089 
0.129 
0.161 
0179 

0 225 

0.069 

0.074 

0.122 

0.140 

0.164 

0.184 

0 062 
0.069 
0.089 
0111 
0116 
0.140 

0.041 

0040 

0.073 

0.082 

0.082 

0.101 

Computed 

Static 

Draft 

Inch 

Water 

0.034 

0.052 

0.141 

0.117 

0.178 

0.201 

0 045 
0.047 
0.103 
0.144 
0148 

0 168 

0034 

0.037 

0 090 
0.110 

0 127 
0163 

0.028 

0.041 

0 079 

0 094 
0.107 
0.127 

0.021 

0 020 
0.052 
0.062 
0.074 

0 082 

fill 

0.035 

0.047 

0.140 

0.104 

0163 

0.189 

0.040 

0.048 

0.089 

0.130 

0.135 

0.166 

0.034 

0 039 
0.086 
0.106 
0.120 
0.161 

0 030 
0.044 

0 069 
0.090 
0.094 
0.122 

0.022 

0.022 

0.055 

0.066 

0.066 

0.083 

Outside 

Temp. 

F 

SSSSSSSS SSSSiSS 3SSSSSS 

Average 

1 

125 

155 

365 

272 

438 

642 

156 

159 

278 

378 

438 

609 

155 

160 

312 

382 

462 

607 

176 

192 

324 

410 

496 

645 

172 

166 

356 

431 

560 

682 

flub Gas 

jjh 

II 

204 

206 

600 

600 

1000 

1000 

260 

202 

606 

595 

1007 

995 

258 

200 

600 

592 

1007 

1007 

280 

260 

698 

604 

1016 

1000 

270 

200 

604 

699 

1000 

1000 

|8 

CO» 

Per Cent 

OOOOOOOOO OOOOOOOOO OOOOOOOOO OOOOOOQOO ooooooooo 

1H rHiHrH 

FudOil 

Gal/Hr 


Chimney Height, Ft 

Height 

Above 

Thimble 

lOioioioiQio loiqiqiotoio cocoeoeococq qe4C9cqc4C4 cecoeocoeeco 

ihthihi-Jihih 

coeoeooococo 

Nominal 

SSS3SS SSS3SS 3SSS33 SS333S 


•Actual inside dimensions of flue lining X 11 in. 

■•Corrected for outside temperature 82 F. Barometer 29.02 In. Hg. 

sal per hour of fuel oil burned with 10 per cent CO» produces 18.4 cfm or 1.88 lb per minute of flue gases (corrected to 70 F, 1 atmosphere pressure); IH gal per 
hour of fuel oil burned with 8 po: cent COs produces 67.5 cfm or 6.06 lb per minute of flue gas (corrected to 70 F. 1 atmosphere pressure). 
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0, « Oi + .S, - 5i (12) 

where 

Si «* computed static (theoretical) draft, experimental conditions. 

5s s computed static (theoretical) draft> standard conditions. 

0i * observed draft, experimental conditions. 

Os « observed draft corrected to standard conditions. 


It will be noted that the observed draft exceeded the computed static 
draft during some observations on the shorter chimneys. This is niainly 
attributed to the draft producing effect of the hot gases immediately 
above the chimney. 

By means of a manom- 1 

eter it was found that 
a measurable draft ex- 
isted in this gas column 
for some distance above 
the chimney top. How- 
ever, the temperatures 
in the chimney were 
measured with un- 
shielded thermocouples 
and the actual gas tem- 
peratures may have 
been higher for this rea- 
son than the observed 
temperatures on which 
the computations of 
draft were based. The 
tests were made in calm 
weather. 

Tests were made at 
the National Bureau of 
Standards to find the 
draft produced by 
round, metal smoke 
pipe set in vertical 
position to act as chim- 
neys. Curves are pre- 
sented in Fig. 5 show- 
ing the computed static ^ . , . . , 

or theoretical draft for short chimneys for various heights and tem- 

peratures. For this purpose, the density of chimney gases was assumed 
to be the same as that of air at the same condition, since the error thus 
introduced was not considered important in this caae. The results of the 
tests showed that the following procedures would yield the available draft 
for 6-in. flue pipe used as a chimney within 10 per cent for the range 
shown and for fuel burning rates from about one-quarter to three- 
quarters of a gallon of oil per hour. 

Using the temperature at the smoke ^llar of the heater, find the static 
draft corresponding to the available chimney height. Then : 



200 300 400 500 600 700 800 900 1000 

Effechve Chimney Temperahjr^-Degrees F 

Fig. 5. Computed Static Draft for Short Chimneys 


1. If the chimney is bare, multiply the static draft by 0*76 to find the available draft. 

2. If the chimney is insulated with 1 in. of air-cell material with a J^-in. air space, 
multiply the static draft by 0.85 to find the available draft. 

3. If the chimney is insulated with 1 in. of air-cell material with a 1-in. air space, open 
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at top and bottom for ventilation, multiply the static draft by 0.81 to find the available 
draft. 

4. If the chimney is insulated with 1 in. of air-cell material and has a 1-in. air space 
closed at top and bottom to prevent ventilation, multiply the static draft by 0.86 to find 
the available draft. 

The use of the 1-in. air-cell asbestos insulation in the tests discussed is 
not to be construed as an approval of such insulation in all cases in regard 
to fire resistance. Several laboratories are working on the fire resistance 
aspects of the problem but definite rules are not yet available. For coal- 
or oil-burning devices, a bare smoke pipe is probably safe if kept 2 ft or 
mbre from any woodwork and the better the pipe is insulated, or the lower 
its temperature, the nearer it can be placed to combustible materials. 

DRAFT REQUIREMENTS OF DOMESTIC APPLIANCES 

Typical flue-gas temperatures and drafts required at rated output for 
several kinds of domestic heating appliances ^ are contained in Table 3. 


Table 3. Drafts Required by Typical Domestic Heating Devices or Appliances 


Devzcb 

Dsaft, 

Inches 

Water 

Stack 

Tempbxaturs 

FDbg 

space Heater, O'l Bvming, Pot Burner __ 

0.06 to 0.08 

1000 

Warni Air Furnace, Oil Bqrning, Pot Burner 

0.06 

860 

Warm Air Furnace, Hand FireJ. 

0.06b 


Floor Fiimaoe, Oil Burning, Pot Burner 

0.06 

860 

Mechanical Oil Burner, Less than 6 gph 

0.03> 


Mechanical Oil Burner, More than 5 gph 

0.05^ or less 


Cooking Stove, Solid Fuel .. 

0.04b 


Space Heater, Coal Burning __ _ 

0.06b 

, 900 



■Draft in fire-box. bFor chestnut sized anthracite. 


CHIMNEYS FOR GAS HEATING 

Heating appliances designed to bum gas as well as appliances converted 
to gas burning, except those equipped with power type burners and 
excepting conversion burner installations in excess of 400,000 Btu per 
hour input in large steel boilers, are always equipped with a draft hood 
attached to the flue outlet of the appliance. This draft hood is required 
if the appliance is to meet the approval requirements of the American 
Gas Association cind the American Standards Association and is essential 
for safe operation. It is designed to prevent excessive chimney -draft 
which would lower appliance eflfidency, to prevent a blocked flue or a 
down draft in the chinmey from impairing combustion, to provide a relief 
opening for the products of combustion during down draft or blocked flue 
conditions, and to prevent spillage of the products of combustion to the 
space surrounding the appliance if there is a chimney draft equivalent 
to that provided by a 3-ft ^mney. As the draft hood is designed without 
moving parts, the relief opening is always open and consequently some 
air is drawn into the chimney. While the air drawn in lowers the gas 
temperature in the chimney, it also lowers the dew-point of the gases and 
tends to prevent condensation. 

The installation of conversion burner equipment in large boilers is 
usually made in accordance with regulations of the local gas company. 
In such installations a definite chimney draft may be required for proper 
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combustion and consequently the foregoing reference to the use of draft 
hoods would not apply. 

The products of complete combustion of gas are water vapor (H 2 O) 
and carbon dioxide (C' 02 )- In the case of manufactured gas, the presence 
of organic sulfur compounds, generally between 3 and 15 grains per 
hundred cubic feet, gives rise to minute percentages of sulfur dioxide 
and sulfur tri-oxide. 

The volume of water vapor in the flue products from natural or coke 
oven gas is about twice the volume of carbon dioxide. It is extremely 
important that the chimney be tight and resistant to corrosion not only of 
moisture, but also of dilute sulfur trioxide. 

Vitreous tile linings with joints which prevent retention of moisture 
and linings made of non-corrosive materials are advantageous. The 
protection of unlined chimneys has been investigated and the results 
indicate that after the loose material has been removed, the spraying with 
a water emulsion of asphalt chromate will provide excellent protection. 

Advice regarding recommended practice and materials for flue con- 
nections and chimney linings cam usually be obtained from the local gas 
company and should be given careful consideration. 

Since a gas designed appliance must be able to operate at rated input 
(plus 10 or 15 per cent) without dumney connection, and without pro- 
ducing carbon monoxide, the only function of the chimney is to remove 
the products of combustion from the room. The chimney provides draft 
to overcome the friction in the flue pipe and chimney, but does not draw 
air into the appliance. 

Chimneys for venting appliances designed for burning gas can there- 
fore be low in height, but must have adequate area. The height is usually 
established by the building height. Chimney sizes are usually selected 
on the basis of Btu input of the appliance. One chart® designed to 
facilitate selection is shown in Fig. 6. The assumptions made in preparing 
the chart as well as its limitations should be noted carefully. 

Since Fig. 6 has been prepared for circular flues, relative capacities for 
rectangular and semi-elliptical flues * are shown in Fig. 7. 

When a flue is connected to several appliances, the number of hori- 
zontal runs of various sizes which may be substituted for the single run 
having a diameter equal to that of the flue may be obtained from Table 4. 

CONSTRUCTION DETAILS 

For general data on the construction of chimneys reference should be 
made to the Building Code recommended by the National Board of Fire 
Underwriters, Article XI, Sections 1101 to 1105, in which the following 
are some of the important provisions listed in the 1943 edition: 

(a) Chimneys erected within or attached to a structure shall be constructed of brick, 
of solid block masonry, or of reinforced concrete. 

(b) Chimneys shall extend at least 3 ft above the highest point where they pass 
through the roof of the building and at least 2 ft higher than any ridge within 10 ft of 
such chimney. 

(c) Every such chimney shall be properly capped with brick, terra cotta, stone, 
cast-iron, concrete or other approved non-combustible, weatherproof material. 

(d) Chimneys shall be wholly supported on approved masonry or self-supporting 
fireproof construction. 

(e) No such chimney shall be corbeled from a wall more than 6 in.; nor shall such 
chimney be corbeled from a wall which is less than 12 in. in thickness unless it projects 
equally on each side of the wall; provided that in the second story of two-story dwdlings 



Allowable input in thousands of b.tu per hour 
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corbeling of chimneys on the extenor of the enclosing walls may equal the wall thickness. 
In every case the corbeling shall not exceed 1 in. projection for each course of brick 
projected. 

(f) No change in the size or shape of a chimney, where the chimney passes through 
the roof, shall be made within a distance of 6 in. above or below the roof joists or rafters. 

(g) Smoke flues for warm air, hot water and low pressure steam heating furnaces 
shall have walls not less than 8 in. thick; the walls may be of solid masonry using brick, 
stone or concrete, or of solid moulded or solid cast chimney units of concrete, or of burned 
clay, or of suitably reinforced solid concrete cast in place; provided that for stone 
masoniy, other than sawed or dressed stone in courses, the thickness shall be not less 





INNER DIAMETER OF FLUE IN INCHES 


Fig. 6. Allowable Btu Input to Circular Flues for Domestic Gas Appliances 

WITH Draft Hoods 

Notes Applying to Fig. 6: 

1. Chart is based on; average flue temperature of 160 F, outside temperature of 60 F, barometric 
pressure of 30 in Hg. 100 per cent excess air and 100 per cent dilution at draft hood. 

2. Based on terra-cotta lined flues. With rough brick flues, capacities are 16 per cent less. 

3. Based on condition that horizontal run is not greater than 20 ft except for a flue height less than 
20 ft. in which case the horizontal run is not to have greater length than the heightof the flue. 

4. Two long radius dhows are induded in the horizontal run, the diameter of which Is equal to that 
of the flue. 

6. Each additional dbow reduces the allowable horizontal run by a length in feet equal to the diameter 
in inches. 

6. When the horizontal run has an effective length in excess of that given (or addltlo^ dbows) the 
next larger size of flue should be chosen. It is desirable that long horizontal runs be insulated to reduce 
heat loss of flue products and to conserve draft. 

7. Capadties should be reduced 3.6 per cent for each 1000 ft above sea leveL 
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than 12 in. The walls diall be properly bonded, or tied with non-corrosive metal 
anchors. In dwellings and buildings of like heatinjg reauirements ^e thickness of the 
chimney walls may be reduced to not less than 3^ in. when lined with a flue lining con- 
forming to the Code requirements. 

(h) Required flue linings shall be made of fire clay or other refractory clay to with- 
stand the action of flue gases and to resist, without softening or cracking, the tempera- 
tures to which they will be subjected, but not less than 2,000 F, or of cast-iron of a^ 
proved Quality, form and construction. Approved corrosion resistant linings may be 
used in nues for gas appliances. 

(i) Required day flue linings shall be not less than ^ in. thick for the smaller flues 
and increasing in mic^ess for the laiger flues. 

(j) Flue linings shall be built ahead of the construction of the chimney^ as it is carried 
up, carefully belled one on Ae other in mortar as hereinafter specified with dose fitting 
joints Idt smooth on the inside. 

(k) Flue linings shall start from a point not less than 8 in. below the intake. They 



PER CENT INCREASE IN CAPACITY OVER CIRCULAR FLUE 

Fig. 7. CAPAaxY of a Rectangular Flue or a Semi-Elliptical Flue, with Semi- 
Circular Ends Having Its Minimum Width Equal to the Diameter of a Circular 
Flue, Concpared with the CAPAaiv of the Circular Flue 


shall extend, as nearly vertically as possible, for the entire height of the chimney. It is 
reconunended that flue linings be extended 4 in. above the top or cap of the chimney. 

(J) Only Portland cement mortar, cement lime mortar or fire <^y mortar shall be 
used in setting flue linings. 

For gas appliances the Building Code specifies lined chimneys and 
metal smoke stacks for all appliances which may be converted readily 
to the use of solid or liquid fuel and also for all boil^s and furnaces 
except those having a flue gas temperature not exceeding 650 F at the 
outlet of the draft hood when burning gas at the manufacturer’s rating 
and which may therefore be connected to Type B vent piping. Approved 
Type B vent piping is non-combustible, corrosion resistant piping of 
adequate strength and heat insulating value, and having bell and spigot 
or other acceptable joints. Fig. 6 may be used for selection of vent pipe 
size. 

Important points to be considered in the use of Type B vent piping are: 

1 Type B flues must be plainly and permanently marked, at the point where the vent connection 
enters the flue For use of gas appHusnees only* 

2. Type B vent material should not be used for external chimney flues and external runs of it should 
not ezce^ 3 ft outside the building roof. When this reauirement makes it necessary to cross over through 
attic space, the piping should be pitched not less than 45 deg. 

3. Because of the small size and low temperature. Type B vents should be provided with a vent cap 
with wire screening to prevent building of birds' nests. 
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4. Each appliance should have the equivalent of a 4 in. diameter Type B vent, even though the appliance 
may have a 3 in. flue collar, A typical minimum vertical flue size for a frame dwelling is 6 in. in duimeter 
or equivalent. 

5. When several floor furnaces are to be vented, it is acceptable practice to connect eadi of these by 
means of 4 in. vents to a common 6 in. vertical vent. Lateral piping must have adequate pdtch, H in per 
foot, and should not exceed 20 ft in horizontal length. 

6. An alternate method of coimecting several appliances is to run separate Type B vents to the attic 
and then to connect them by means of cross-over piping and Y fittings to a common vertical vent passing 
through the roof. This reduces the number of holes in the roof. 

All flue mortar for flues or vent pipes from gas burning appliances 
shall be acid resisting. 

GENERAL CONSIDERATIONS FOR CHIMNEYS 

The draft of domestic chimneys may be subject to a variety of influences 
not usually encountered in power chinmeys Horizontal winds have an 
aspirating effect as they cross the chimney and are an aid to draft. 
However, surrounding objects, such as trees or other buildings, may 


Table 4. Equivalent Flue Pipe Sizes^ 


DiAMSTSK 

OF 

Horizontal 

Rxnvs 

SxzB OF Flub 

3 

4 

5 

6 

s 

10 

12 

3 

1 

2 



9 

12 

22 

4 


1 



5 

7 

11 

5 





3 

4 

7 

6 





2 

3 

5 

3 




■■ 

1 

2 

3 


•Comfort Heating (American Gas Associaiton), 


affect the direction of the wind at the chimney top and may even direct 
it down the chimney, tending to reduce the dr^t or even to cause it to be 
negative. Although the chimney should extend well above the highest 
part of the roof, it is impracticable to carry it much beyond this point. 

It is also important to consider the source of the air supply for proper 
combustion. Usually the boiler or furnace is located in the basement. 
When the furnace room has windows or doors opening to the outside on 
two or more sides of the house, the leakage of air will be sufficient for 
combustion, even though the windows and doors may be shut. If, 
however, the leakage is not sufficient to prevent an appreciable drop of 
pressure in the furnace room below that of the air outside, the chimney 
draft will be reduced by the difference between the atmospheric pressure 
outside and that inside the boiler room. In case the boiler room is fairly 
tight and is open to the outside on only one side of the house, then the 
draft will be affected in windy weather even with windows or doors open. 
If the wind is blowing toward the boiler room the draft will be increased, 
but if blowing in the opposite direction the draft may be decreased. 

It is not to be assumed that increasing the cross-section area of a 
chimney will always effect a cure for poor draft. The opposite result may 
be experienced because of the coolmg effect of the larger area. This 
reduces the theoreticed draft and the velocity of the gases, and affords a 
greater opportunity for counter currents in the chimney. Sometimes the 
only practical remedy for a chimney with bad draft, when the chinmey is 
of the proper size and is affected by conditions beyond control, is to resort 
to mechanical draft. This can often be done at small expense and the 
arrangement can be such that the fan or blower need be operated only 
when conditions are bad. 
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Two or more chimneys, either large or small, should never be connected 
together. If connected at the bottom, hot gases in the inverted U-tube 
thus formed would be in unstable equilibrium. Cold air would descend 
through one such chimney, from the top, md drive the hot gases out of 
the oAer and thus annul the draft. 

More than one device can be served by one chimney. Batteries of 
boilers are commonly connected to a single chimney in power plants. 
However, if two or more chimneys are used, each chimney should be used 
separately for part of the boilers, and not connected in manifold with 
another chimney, in order to avoid the difficulty described previously. 

In domestic installations it is sometimes necessary to serve a space 
heater or cooking stove and a water heater with the same chimney flue. 
This is not desirable, espedally for low chimneys, since doors left open on 
one device while it is un-fired will tend to annul the draft on another 
device. Gas burning devices, with their draft hoods and lack of draft 
djunpers, are especially bad in this respect. The traditional method of 
avoiding this with brick chimneys has been to construct multiple-flue 
chimneys, so that each fuel-burning device could be served by a separate 
opening. If two devices must be served by one flue-opening in a chimney, 
their connections to the chimneys should not be located opposite each 
other. The connection from the larger device should be reasonably low 
down and that from the smaller, up near the ceiling, so that each device 
can be serviced as well as possible, regardless of the treatment of the other. 

Excessive height in a chimney does no harm but means for controlling 
the draft are more than ordinarily essential if the chimney is too large in 
capacity. Coal-burning devices often have air leaks around the fire-box 
and the draft doors sometimes fit poorly so that the fire cannot be con- 
trolled at a low rate. Perhaps the simplest remedy for such cases is the 
barometric damper which admits air into the flue pipe and thus reduces 
the draft. 

Directions for building chimneys for fireplaces are contained in Depart- 
ment of Agriculture Farmers’ Bulletin No. 1889. 

It is considered bad practice to connect any heating device to a fireplace 
flue unless the fireplace is effectively sealed. 
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Fuel Consumption Records, Calculated Heat Loss Method, 
Degree-Day Method, Estimating Fuel Consumption, Degree^ 
Day as an Operating Unit, Maximum Demands and Load 
Factors, Seasonal Efficiency 


M any methods are in use for estimating in advance of actual oper- 
ation the anticipated heat or fuel consumption of heating plants 
over long or short periods. With suitable modification in procedure these 
same general methods are frequently^ useful in checking the degree of 
effectiveness with which heat or fuel is utilized during plant operation. 

In applying any of these estimating methods to the consumption of a 
particular building plant it should be noted that (a) reliable records of 
past heat or fuel consumptions of the building under consideration will 
usually produce more trustworthy estimates of future consumptions than 
will any data obtained by averages or from other similar buildings; (b) 
where no past records exist useful data can sometimes be obtained from 
records of similar types of buildings with similar plants in the same 
locality; {c) records of consumption, which are averages from many types 
of plants in many types of buildings in various localities, can produce no 
better than an average estimate which may be far from accurate; (d) 
estimates based on computed heat losses without the benefit of operating 
data are wholly dependent on how well the computation represents the 
actual facts. 

Estimates based on computed heat losses alone are especially necessary 
where unusual operating conditions are encountered such as excessive 
ventilation, abnormal inside temperatures, heat gains from external 
sources, etc., or where no information is available as to former con- 
sumption as in the case of proposed buildings of unusual design. 

In interpreting and evaluating heat or fuel consumption estimates as 
well as in their preparation, it is well to realize that any estimating method 
used will produce a more reliable result over a long period operation than 
over a short period. Nearly all of the methods in common use will give 
trustworthy results over a full annual heating season, and in some cases 
such estimates will prove consistent within themselves for monthly periods. 
As die period of the estimate is shortened there is more chance diat some 
factor not allowed for in the estimating method will become controlling 
and thus give discrepant and even ridiculous results. 

Of the various estimating methods in use attention is directed in this 
discussion to but two as they are illustrative of all, viz: (1) calculated 
heat loss method, and (2) degree-day method- 

CALCULATED HEAT LOSS METHOD 

This method is theoretical and assumes constant temperatures for very 
definite hours each day throughout the entire heating season. It does not 
take into account factors which are difficult to evaluate such as opening 
of windows, abnormal heating of the building, poor heating systems, 
winter heat gains, such as sun effect, and many others. In order to apply 
this method the hourly heat loss from the building under maximum load, 
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or design condition, is computed following the principles discussed in 
Chapters 6 and 8 and the method described and illustrated in Chapter 14. 

In predicting fuel consumption for heating a building by the Calculated 
Heat Loss Method, the general equation is: 


where 


E (td — to) C 


( 1 ) 


F =* quantity of fuel or energy required (in the units in which C is expressed). 

H = calculated heat loss, Btu per hour, during the design hour, based on to and td 
^generally H Hi but may on occasion equal Ht -f . 

t = average inside temperature maintained during heating period, F ahrenheit d^ees. 
k *= average outside temperature through estimate period, Fahrenheit d^ees 
(for cities with an Oct. 1-May 1 heating season, see Table 1, Chapter 1^. 
td = inside design temperature, Fahrenheit d^ees (usually 70 F). 
to *= outside design temperature, Fahrenheit degrees (see Table 1 in (3iapter 14). 
N =» number of heating hours in estimate period (for an Oct. 1 — May 1 heating 
season, 212 days X 24 hr =» 5088). 

E = efficiency of utilization of the fuel over the period, expressed as a decimal; not 
the efficiency at peak or rated load condition. 

C *= heating value of one unit of fuel or energy. 


Although the assumption of an Oct. 1-May 1 heating season is reason- 
ably accurate in the well-populated New York-Chicago zone, it is not 
valid as far north as Minneapolis nor farther south than Washington, 
D. C. and St. Louis. Consequently, it is suggested that allowance be 
made for this variation, esped^ly in the far north or southern cities. 


Example 1» A residence building is to be heated to 70 F from 6 a.m. to 10 P.M 
and 55 F from 10 p.m. to 6 am. The calculated hourly heat loss is 120,000 Btu per hour 
based on 70 F inside at — 10 F outside. If the building is to be heated by metered steam, 
how many pounds would be required during an average heating season? 

Solution, The heating value of steam may be taken as 1000 Btu per pound, and since 
it is purchased steam, the efficiency can be assumed as 100 per cent. Assume aver^ 
outside temperature as 36.4 F, The average inside temperature is; 


(16 X 70) -f- (8 X 55) 
24 

Substituting in Equation 1: 

_ 120,000 (65 - 36.4) 5088 
^ 1,00 [70 ~ (-10)1 1000 


65 F. 


218,275 lb. 


Example 2, How much would the fuel cost to heat the building in Example 1 during 
an average heating season with coal at $8 per ton and with a calorihc value of 11,000 
Btu per pound, assuming that the seasonal efficiency of the plant was 55 per cent? 

Solution, Substituting in Equation 1: F = — ' ( — 10)yVl^^ “ 36,079 lb 

« 18 tons, which, at $8 per ton, costs $144. 


Example $, What will be the estimated fuel cost per year of heating a building with 
p:as, assuming that the calculated hourly heat loss is 92,000 Btu basM on 0 F, which 
mdudes 26,000 Btu for infiltration? The design temperatures are 0 F and 72 F. The 
normal heating season is 210 days, and the averse outside temperature during the 
heating season is 36.4 F. The seasonal efficiency will be 75 per cent. The heating plant 
will be thermostatically controlled, and a temperature of 55 F will be maintain^ from 
11 F.M. to 7 A.M. Assume that the price of gas is 7 cents per 100,000 Btu of fuel con- 
sumption, and disr^rd the loss of heat through open windows and doors. 

Solution, The avers^e hourly temperature is: 

(72 X 16) + (55 X 8) 
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The maximum hourly heat loss will be: 


H * 92,000 - 


26,000 

2 


M 


79,000 (66,3 - 36.4) X 24 X 210 


79,000 Btu. 


2204.6 hundred thousand Btu. 


100,000 X 0.76 X (72 - 0) 

2204.6 X $0.07 »= $154.32 = estimated fuel cost per year of heating building. 


Several time-saving procedures have been devised for quickly esti- 
mating the hourly Btu loss of one and two-story residences in order that 
fuel estimates can be predicted more quickly from Equation 1. A 
graphical method of calculating heat losses has been developed ^ which 
makes possible a quick solution if the gross wall, ceiling, or floor areas and 
respective transmission coefficients are known. 

The Federal Housing Administration has originated a short-cut formula 
for residential heat loss determinations which makes use of the floor area 
and three selected transmission coefficients. The formula was developed 
to apply to detached houses approximately rectangular in shape with 
total exterior door and window areas equal to about 25 per cent of the 
floor area and with a floor area not greater than about 1500 sq ft. Equa- 
tion 2 is for a one-stoiy’^ residence and Equation 3 is intended for two- 
story structures. 

Hi * ^ (G 4- l/w + 17c + Uf) ltd - to) (2) 

H, « ^ (G -h 1.2 Fw + 0.6 Uc + 0.6 Z7f) (td - to) (3) 

where 

H\ = heat loss from one-story residence, Btu per hour. 

Hi = heat loss from two-story residence, Btu per hour. 

A = floor area, square feet, measured to the inside faces of enclosing walls and is the 
sum of the following areas: (1) all the area on each principal floor levd; 
(2) the area of all finished habitable attic rooms, including bathrooms, 
toilet compartments, closets, and halls; (3) all other areas intended to be 
heated and not located in the basement. 

G = glass and infiltration factor for ordinary construction: (0.45 for no weather- 
stripping or storm windows), (0.40 for weatherstripping), (0.30 for storm 
windows with or without weatnerstripping). 

= coefficient of transmission for outside wall. 

Uo = coefficient transmission for ceiling. 

Z7f = coefficient of transmission for floor. 

td = inside design temperature, Fahrenheit degrees. 

to « outside design temperature, Fahrenheit degrees. 

Notes for application of Equations B and S, 

1. The calculation of heat loss from heated spaces into adjacent spaces such as attics, 
basementless areas, and heated or unheated garages shall be based on the assumption 
that the temperature of such adjacent spaces is the same as the outside design tem- 
perature. 

2. For all floors over basements or other warmed spaces assume Uf — 0. 

3. For structures having concrete slab floors laid on the ground a modified applica- 
tion of the formula may be made. Assume 27f = 0 and calculate the heat loss in accor- 
dance with the check formula. Then add the slab loss determined in accordance with 
the procedure developed by the National Bureau of Standards and described in BMS 
Report 103. 

4. No basement area is to be included in the formula calculation. If finished habi- 
table rooms in the basement are to be heated, the additional heat loss should be calcu- 
lated separately and added to the amount obtained by the formula. 

Both the graphical method and short-cut formulas, when used within 
the limitations established, have been found to give reasonably accurate 
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results for the average residence, but if precise estimates are required, the 
procedure outlined in Chapter 14 should be used. 

In the case of gravity warm air heating installations, the load was 
formerly expressed in square inches of leader pipe which can be converted 
into Btu per hour by multiplying the square inches of leader area by 
111, 167, and 200 for first, second, and third floor respectively. 

Example What would be the total gas consumption over a full heating season of a 
gas-fired gravity warm air furnace designed according to the Code*, and wi3i four 12 in. 
and two 8 in. round leaders to the first floor and six 10 in. leaders to the second floor, if 
the gas has a heating value of 600 Btu per cubic foot, the plant operates at a 70 per cent 
seasonal eflidency and is designed to maintain an averse inside temperature of 65 F 
when it is 10 F outside in a city where the average outside temperature is 45 F and the 
heating season is 5088 hr long? 

Solution, The area of the round leaders is; 12 in., 113 sq in.; 10 in., 79 sq in.; and 
8 in., 60 sq in. The total Btu transmitted is: 

First Floor: [(4 X 113) + (2 X 50)] X 111 - 61,272 Btu per hour. 

Second Floor: (6 X 79) X 167 = 79,158 Btu per hour. 


Total 140,430 Btu per hour. 

Substituting this total heat loss value as H in Equation 1 gives: 

p 140,430 (65 - 46) 6088 
^ *" 0.70 (70 - 10) 500 


680,483 cu ft gas. 


DEGBE&DAY METHOD 

This method is based on consumption data which have been taken from 
buildings in operation, and the results computed on a degree-day basis. 
While tiiis method may not be as theoretically correct as the Calculated 
Heat Loss Method, it is considered by many to be of more value for 
practical use. 

The amount of heat required by a building depends upon the outdoor 
temperature, if other variables are eliminated. Theoretically it is pro- 
portional to the difference between the outdoor and indoor temperatures. 
The American Gas Association ® determined from experiment in the 
heating of residences that the gas consumption varied directly as the dif- 
ference between 65 F and the mean outside temperature. In other words, 
on a day when the mean temperature was 20 deg below 65 F, twice as 
much gas was consumed as on a day when the temperature was 10 deg 
below 65 F. For any one day, when the mean temperature is less than 
65 F, there are as many degree-days as there are degrees difference in 
temperature between the mean temperature for the day and 65 F. 
Degree-days may be calculated on other than the 65 F base but are 
seldom used and are of little value except where the inside temperature 
to be maintained as, for example, in warehouses, differs greatly from the 
usual inside temperature range of 68 F to 72 F. 

The normal or average number of degree-days, on a 65 F basis, which 
have occurred over a long period of years, by months, on a 65 F basis are 
given for various United States and Canadian and Newfoundland cities 
in Table 1. The United States values were computed from daily mean 
temperatures recorded by the Weather Bureau over a 43-year period ^ 
from 1899 to 1941. The number of degree-days for a calendar day of a 
given year was obtained by taking the difference between 65 F and the 
mean temperature determined from a reading of the maximum and 
minimum temperature for a particular locality. The daily normal was 
established by taking an average of the 43 daily'degree-day figures. These 
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daily values were then added to obtain a monthly normal, and the 3 "early 
or seasonal degree-day figure was established by taking a summation of 
the monthly values. In general, attempts to apply the degree-day 
method to fuel consumption over a period of less than a month are of 
questionable value. 

If the degree-days occurring each day are totaled for a reasonably long 
period, the fuel consumption during that period as compared with another 
period will be in direct proportion to the number of degree-days in the 
two periods. Consequently, for a given installation, the fuel consumption 
can be calculated in terms of fuel used per degree-day for any sufficiently 
long period and compsired with similar ratios for other periods to deter- 
mine the relative operating efficiencies with the outside temperature 
variable eliminated. 

Studies made by the National District Heating Association^ of the 
metered steam consumption of 163 buildings located in 22 different cities 
and served with steam from a district heating company substantiate 
the fact that the 65 F base originally chosen by the gas industry is approxi- 
mately correct. 

Fonntila for Degree-Day Method 

The general equation for calculating the probable fuel consumption by 
the degree-day method is: 

F-UXNXD (4) 

where 

F = fuel consumption for the estimate period. 

U =s unit fuel consumption, or quantity of fuel used per (degree-day) (building 
load un%t), 

N = number of building load units (when available use calculated hourly heat loss 
instead of actual amount of radiation installed). 

D = number of degree-days for the estimate period. 

Values of N depend on the particular building for which the estimate is 
being prepared and must be found by surveying plans, by observation, or 
by measurement of the building. Values of TJ for use in this equation are 
the unit fuel consumptions per degree-day and are obtained as a result 
of the collection of operating information. Certain of tihis information is 
presented later but before referring to these data attention is directed to 
the nature of the unit. 

Uxiit Fuel Consumpfious per Degree-Day 

The quantity of fuel used per degree-day in a given heating plant can 
be reduced to a unit basis in terms of quantity of fuel or steam per degree- 
day per square foot of radiation, per cubic foot of heated building space, 
or per thousand Btu hourly heat loss at design conditions. A less fre- 
quently used basis is quantity of fuel per (degree-day) (square foot of floor 
area). In fact any convenient unit can be used to relate the consumption 
to the degree-day and to the building. 

The choice of these units requires explanation and some discrimination 
and judgment. If the volume basis is used, the net heated space is prefer- 
able to the gross building cubage since gross cubage includes outer walls 
and certain portions of attic and basement space which are usually un- 
heated. In the absence of data on net heated volume a figure of 80 per 
cent of the gross volume may be used to obtain the estimated net heated 
volume. The volume basis has been rather widely used primarily because 
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Table 1. Normal Degree-Days for Cities in the United States, Canada and 
Newoundland^ (Concxuded) 



•Computed from dafly mean temperatures recorded by U. S. Weather Bureau over a 43-year period 
from 1899 to 1941. Data for Cauadi^ dties abstracted from Heating ^ YentUaixni, October, 1939. The 
National Joint Committee on Weather Statistics, in cooperation with the XJ. S. Weather Bureau, is pre- 
paring revised Degree-Day Normals. 

bData for these cities and possibly other localities are based on readings taken at more than one official 
Weather Station during the 4^year poiod of analysis and are subject to local verification, as these figures 
are being examined for possible revirion by the U. S Weather Bureau. 


of its facility in application. In industrial buildings it is usually easier to 
obtain the correct volume of a given building than to measure ‘and 
evaluate the heating capacity of its heating system or calculate^ its 
maximum hourly Btu loss. The comparison of buildings on a straight 
volume basis does not allow for variation in exposure, type of construc- 
tion, ratio of exposed area to cubical contents, and 1ype of occupancy. 
It is considered inaccurate for purposes of estimating fuel consumption 
unless the buildings are of very similar nature. 

The calculated heat loss or its equivalent square feet of calculated 
radiator s^ace may be used as the unit. The use of the unit equivalent 
direct radiation is of questionable value when referring to heat transfer 
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Table 2. Unit Fuel Consumption Constants (U) por Gas® 

Based onO F Outside Temperature, 70 F Inside Temperature, and 8-IIour Reduction to 60 F. 


Huathtg Valub 
OF Gab 

Btu pub Cu Ft 

Hot Watbb 

SnAic 

Wabu Am 

Cu Ft Gas per Degree-Day 
per Sq Ft Radiator 

Cu Ft Gas per Dem-Day 
pff 8q Ft Raoiator 

Cu Ft Gas per Dopree-Day 
per 1000 Btu Homly 
Design Heat Loss 

Up to 
500 
SqFt 

500 to 
1200 
Sq^ 

Over 

1200 

Up to 
300 

300 to 
700 
SqFt 

Over 

700 

SqFt 

Gravity 

Fan Systems 

500 

0.142 

0.13S 

0.128 



0.220 

0855 

MM 

535 

0.132 

0.126 

0.120 

0.226 


0.206 



800 

0.089 

0.085 

mmm 

0.1S1 

0.144 




1000 

0.071 

0.068 

0.065 


0.115 

0.110 

0428 

0.410 

1 Therm 

Gas Consumption in Therms per D^ee-Day 


0.000708 


0.000642 




0.00428 

0.00409 


•Abstracted from Comfort Heatmg, Amertcan Gas Assoctaiion^ 1938. 


Table 3. Unit Fuel Consumption® Constants (U) for Oil^ 

Based on OF Outside Temperature, 70 F Inside Temperature, and 8‘Hour Reduction to 56 F 


Unit® 

EmouBNur IN PBB CJbnt 


40 

50 

60 

70 

80 

Gal Oil per Sq Ft Steam Radiator.. 

0.00172 

0.00137 

0.00114 

0.00098 

0.00086 

Gal Oil per Sq Ft Hot Water 
Radiator. 

0.00108 

0.00086 

0.00072 

0.00062 

0.00054 


Gal Oil per 1000 Btu per Hour 

T.o.q.<5 __ ___ _ 

0.00715 

0.00671 

0.00476 

0.00409 

0.00358 



•Based on a heating value of 140,000 Btu per gallon. 

^Abstracted by permission from Degree-Day Randhook (Second Edition, 1937), by C. Strock and 
C. H. B. Hotchkiss. 
ePer degree-day. 

Table 4. Unit Fuel Consumption® Constants (U) for Coal'^ 

Based on OF Outside Temperature, 70 F Inside Temperature, and 8-Hour Reduction to 55 F. 


Unix® 

EmcixNOT IN Pbb Obnt 


40 

50 

60 

70 

80 

Lb Coal per Sq Ft Steam Radiator.. 

0.0200 

0.0160 

0.0133 

0.0114 

0.0100 

Lb Ccal per Sq Ft Hot Water 

RaHiflfnr __ . ___ 

0.0125 

0.0100 

0.0084 

0.0072 

0.0063 


Lb Coal per 1000 Btu per Hour 

Hftaf Lo.q.q_ 

0.0825 



0.0471 

0.0412 



•Based on a heatmg value of 12,000 Btu i>er pound 

^Abstracted by permission from Degree-Day Handbook (Second Edition, 1937), by C. Strock and 
C. H. B. Hotchki^. 

•Per degree-day. 
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surfaces used in warm air furnace or central air conditioning systems. 
Where steam or hot water radiation is already installed, care should be 
exercised in using the unit equivalent direct radiation basis for estimating, 
since actual installed radiation may differ considerably from the exact 
radiation requirements. In view of all these considerations it is believed 
that the unit based on thousands of Btu of hourly calculated heat loss for 
the design hour is probably the most desirable, although the one most 
widely used seems to be units of fuel per degree-day per square foot of 
equivalent direct radiator surface. The equivalent heating load for the hot 
water supply is not included in the latter unit, but it generally includes 
the piping load. 

Since this unit is the one most widely used at present the unit fuel con- 
sumptions given in succeeding paragraphs of this chapter make use of this 
unit to a considerable extent, although it should be understood that most 
of these units of consumption can be transposed as desired. 


Estimating Gas Consumption 

Values of the Unit Fuel Consumption Constant (Z7) for gas are given 
in Table 2 for various gas heating values, and different types and sizes of 
heating plants. They are based on an inside design temperature of 70 F 
and an outside design temperature of 0 F and apply only to these con- 
ditions. For other outside design conditions corrections must be made as 
given in Table 5. 

The factors in Table 2, as corrected if necessary, are satisfactory for 
regions having 3500 to 6500 degree-days per heating season. In regions 
with less than 3500 degree-days the imit gas consumption is higher than 
given ; where over 6500, the unit is less than given. Ten per cent addition 
or deduction in these cases is recommended by A .G.A . publications. Esti- 
mates for industrial buildings where low inside temperatures are main- 
tained cannot be made from this table. 

For gas heating values other than those given in Table 2, simply inter- 
polate or extrapolate. It will also be noted that Table 2 applies only to 
small installations. In general the larger the installation the smaller the 
unit gas consumption becomes and the values in the table should be used 
with care, if at all, in large gas-buming installations. 

Example 6. Estimate the gas required to heat a building located in Chicago, 111., 
which has 6287 d^ee-days and a gas heating value of 800 Btu per cubic foot. The 
calculated heating surface requirements are 1000 sq ft of hot water radiation based on 
design temperature of — 10 F and 70 F. 

Solution. From Table 2, the fuel consumption for a design temperature of 0 F with 
800 Btu ^s is found to be 0.085 cu ft of gas per (degree-day) (square foot of hot water 
radiation). From Table 5, the correction factor is 0.875 for — 10 F outside design tem- 
perature, hence 0.875 X 0.085 = 0.07438. By Equation 4, 

F = 0.07438 X 1000 X 6287« 467,000 cu ft. 

Estimating Oil Consumption 

Unit fuel consumption factors for oil, similar to those for gas in Table 2, 
are given in Table 3. The factors in Table 3 apply only to an inside 
design temperature of 70 F and an outside design temperature of OF. For 
other outside design temperatures, the constants in Table 3 must be 
multiplied by the values in Table 5 as explained imder Estimating Gas 
Consumption. 

Values given in Table 3 assume the use of oil with a heating value of 
140,000 Btu per gallon. For other heating values, multiply the values in 
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Table 5. Correction Factors for Outside Design Temperatures^ 


Ouisn>B Design Temp. F Dbg 

-20 

-10 

0 

+10 

20 

Correction Factor 

0.778 

0.875 

1.000 

1.167 

1.400 


•The multipliers in Table S, which are high for mild dimates and low for cold regions are not m error 
as might appear. The unit figures in Tables 2, 3. and 4 are per square foot of radiator or thousand Btu heat 
loss per degree-day. For equivalent buildings and heating seasons, those in warm climates have lower 
desi^ heat losses and smaller radiator quantities than those in cold cities. Consequently, the tcntf figure 
in quantity of fuel per (square foot of radiator) (degree-day), is larger for warm localities than for colder 
regions Since the northern cities have more radiator surface per given building and a higher seasonal 
degree-day total than cities in the south, the total fuel per season wiU be larger for the northern dty. 


Table 3 by the ratio of 140,000 divided by the heating value per gallon 
of fuel being used. 


Example 6. Estimate the seasonal oil consumption of an oil-fired boiler in a building 
located in Minneapolis having a calculated heat loss of 192,000 Btu per hour, burning 
144,000 Btu per gallon oil and operating at a seasonal efficiency of 60 per cent. The out- 
side design temperature for Minneapolis is —20 F, and the inside design temperature 
is70F, 


Solution. From Table 3, under 60 per cent efficiency and opposite the bottom colunm, 
the value oi U la found to be 0.00476 gal per 1000 Btu hourly heat loss for 0 F outside 
temperature. 

The correction factor for —20 F outside design temperature from Table 5 is 0.778. 
Solving, 0.778 X 0.00476 0.00870. Making a further correction for the heating value: 


0.0037 X 
day. 


140.000 

144.000 


0.0036 gal per 1000 Btu per hour calculated heat loss per degree- 


From Table 1, the normal degree-days for Minneapolis are 7989. Since U is ex- 
pressed in 1000 Btu, N is equal to 192. Substituting in Equation 4: 


F « 0.0036 X 7989 X 192 - 5625 gal. 


Estimating CSoal or Coke Consumption 

Coal or coke consumption estimates are made in exactly the same 
procedure as for oil. Values of U are given in Table 4 which only apply 
to inside design temperatures of 70 F and an outside design temperature of 
0 F. A correction must be made for other conditions by use of the multi- 
plying factors in Table 6. Data in Table 4 are based on 12,000 Btu per 
poxmd coal and for other heating values of coal they must be multiplied 
by the ratio of 12,000 divided by the heating value of fuel used. 

Example 7. A building in Marauette, Mich., has an hourly heat loss at design con- 
ditions ot 240,000 Btu per hour. Elased on an inside design temperature of 70 F and an 
outside design temperature of —20 F, what will be the estimated normal seasonal coal 
consumption for heating if 12,000 Btu per pound fuel is burned at a 50 per cent seasonal 
efficiency, and what part of the total will be used during November, December, and 
January? 

Solution, From Table 4^ TJ la 0.0666 lb of coal per 1000 Btu per hour heat loss. Cor- 
recting for the outside design temp^ature of —20 F from Table 5, the value of U is 
0.778 X 0.0666 ■* 0.0518. From Table 1, Z? is 8786 and from the problem, i7is240. 

Substituting in Equation 4: 

F - 0.0518 X 240 X 8786 - 109,200 lb. 

Fuel used over any period is, according to the theory of the d^ee-day, proportional to 
the number of degree-days during the period. From Table 1, the average numbers of 
d^ee-da3rs for Novemb^, December, and January in Marquette are 927, 1306, and 
1471, a total of 3704. The yearly total is 8786, so that during these three months the 
estimated consumption is: 


^ X 109,200 « 46,200 lb. 
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Estimating Steam Consumption 

In estimating steam consumption the efficiency is generally assumed at 
100 per cent. If for low pressure steam an average heating value of 
1000 Btu per pound of steam is used no correction is necessary. In com- 
paring values from different cities, correction should be made for design 
temperature (see Table 5) when the unit fibres are in terms of square feet 
of radiation but not when the values are in terms of building volume or 
floor space. 

Where the heat loss is calculated in Btu per (hour) (degree difference in 
temperature) the simple Equation 5 may be used: 


g X 24XZ> 
1000 


(5) 


where 

F » pounds of steam required for estimate period. 

H « calculated heat loss, Btu per (hour) (degree difference). 
D = number of d^ee days for the period of estimation. 

1000 » Btu delivered per pound of steam condensed. 


In this method the number of degree-dayS automatically takes care of 
average inside and outside temperature difference. When degree days 
are taken from Table 1, an average inside temperature of approximately 
65 F is assumed throughout the period. If an average inside temperature 
other than approximately 66 F is to be used, the number of degree-days 
should be obtained for the new base. 


Example 8. An eight story building in Pittsburgh maintains da 3 rtime temperatures 
of 70 F but allows night temperature to drop to not lower than 60 F. Its calculated heat 
loss is 10,500 Btu per (hour) (degree temperature difference). What is the estimated 
average yearly steam consumption for building heating? 


Solution. Since the average inside temperature is approximately 65 F, the degree- 
days from Table 1, based on 65 F may be used. Therefore, from Table 1, Pittsburgh 
has 5,466 degree-da 3 ^ per normal season. Inserting in Equation 5 


10,500 X 24 X 5466 

1,000 


1,377,432 lb of steam. 


Consideration has been given to the difference in steam utilization of 
different types of buildings and Table 6 shows actual average units for 
these various types. These figures were obtained from operating results 
in 896 buildings located in all sections of the United States. Being 
averages, and for small groups in each type, the figures may need con- 
siderable modification to allow for local variations. It should be especially 
noted that the steam used for heating hot water is not included in the 
values given in Table 6. 

Example 9, A store in Philadelphia with a heating system designed to maintain 70 F 
inside in 0 F weather has 250,000 cu ft of heated space. What would be the estimated 
average yearly steam consumption of purchased steam for heating? 

Solution. According to Table 6, a store would use 0.624 lb of steam per de^ee-day 
per 1000 cu ft heated space. From Table 1, Philadelphia has 4749 d^ee-days per 
normal year. Inserting in Equation 4: 

F = 0.624 X 250 X 4749 « 740,000 lb of steam. 


Degree-Day as an Operating Unit 

The degree day is slso widely used as a means of comparing the 
efficiency of the fuel consumption of one period with another /or the same 
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Table 6. Stbah Consumption op Buildings with Various Types of Occupancy^ 


Type of Building 

No. 

Aybragb 

Volume 

Heated 

Space 

1000 Cu Ft 

Steam FOR 
Heating 

Average 
Hours of 
Occupancy 

Bldgs. 

Lb per DD 
per 1000 

Cu Ft 


834 

2160 

0.685 

12.1 

Office and Bank . 

49 


0.677 

13.1 

Office and Printing ___ _ . 

8 

1895 

1.230 

17.7 

Office and Theater. 

7 

4950 

0.412 

12.9 

Office and Stores or Shops.- . - 

26 

1615 

0.617 

13.2 

Bank * 

16 

806 

0.786 

11.7 

Department Store 

63 


0.385 

11.1 

Stores. _ 

73 

310 

0.624 

10.4 

T.nft _ 

63 

865 

1 0.588 


Warehouse _ - 

24 

2230 

0.459 

9.4 

Hotel and Club 

73 

1795 

0.990 

22.3 

Apartment or Residence^- 

61 


0.962 

21.8 

Theater . . 

22 

1240 

0.482 

12.9 

Oarage.- . 

13 

1540 

0.202 

21.4 

Mannfact'”*lng 

19 

1350 

0.808 

95 

Church- 

9 

656 

0.532 

7.9 


4 

3806 

1.194 

22.0 


8 

1115 

0.592 

11.6 

O'* 

15 

3215 

0.587 

15.6 

Lodge, Gym, Hall or Auditorium 

Miscellaneoiia- — 

12 

7 

880 

1387 

0.390 

0.479 

12.4 

21.4 





•.Principles of Economical Heating. National Association of BuUdtng Owners and Managers 


building. Since the fuel consumption is proportional to the weather 
(degree-days) and since the periods to be compared may not have the 
same weather conditions, the comparison can be made only after the fuel 
consumptions have been comput^ on a comparable weather basis, that 
is, upon the actual number of degree days occurring for a given rnonth 
and year in the city under consideration. Since fuel consumption is 
proportional to the number of degree-days, plant operators frequently 
compute each month the fuel burned per degree-day by the heating 
plant. The resulting unit figure, by eliminating the outside temperature 
variable, indicates whether the operating efficiency of the plant is above 
or below the previous month or year. 

The figures in Table 7 illustrate a typical example of a method of 
using the degree-day for making heating comparisons for one building for 
two consecutive heating seasons. The heat quantity figures inserted are 
pounds of steam, but a similar comparison could be made using pounds 
of coal, gallons of oil, or cubic feet of gas. 

For such a comparison, a two-year record is often used, as shown in 
Table 7. The year under consideration may then be compared, month 
by month, with the previous year. Column 3, Consumption for Heating, 
would be used if the same fuel is used for heating and process steam. 
Some reasonable figure must be assumed for the process requirement and 
should be deducted from the amount shown in column 2. This would 
leave in column 3 only the fuel chargeable to heating. The degree-day 
values in column 5 are obtainable from the local Weather Bureau. 
Figures in column 6 are obtained by dividing corresponding values in 
column 3 by the degree days in column 5. The heating index in column 6 
is, then, a figure of heat consumption, corrected for outdoor temperature, 
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Table 7, Heat Consxjmption Record for Comparison 


Col. 1 


Col. 2 


Col. 3 


Col. 4 


Col. 5 


Col. 6 


Col. 7 


Total 

CONSXmSPTlON 


Consumption 
For Heating 


Avg 

Mean 

Temp. 


Dbg Days 
65F 
Base 


Lb/Deg 

Day 


Lb/Dbg 
Day/ 
M Cu Ft 


Sept — 
Oct.. 


Nov.- 

Dee.- 




eb.- 


Mar.- 


Apr, 

May 

J une 

uly.™ 
Aug 


337.600 
834,200 

1,446,600 

2,176,400 

2,332,200 

2,131,100 

2,021,900 

1,241,500 

672.600 

268.600 
188,400 
180,100 


170.500 
667,200 

1,279,600 

2,009,400 

2,165,200 

1,964,100 

1,854,900 

1,074,500 

605.500 
91,600 


65 

53 

44 

26 

22 

28 

31 

43 

55 


146 

339 

641 

1,233 

1,297 

1,106 

1,032 

647 

303 

50 


1,170 

1,966 

1,990 

1,630 

1,670 

1,775 

1,799 

1,660 

1,670 

1,830 


0.575 

0.970 

0.982 

0.804 

0.822 

0.888 

0.885 

0.818 

0.822 

0.905 


Total 


13,821,000 


Sept- 



330,200 

887,100 

1.526.200 
2,045,500 
1,933,400 

1.990.200 
1,984,100 


146,200 

703,100 

1.341.200 
1,861,500 
1,749,400 

1.806.200 
1,800,100 


61 

62 

39 

28 

30 

30 

31 


167 

410 

812 

1,120 

1,044 

1,111 

1,021 


875 

1,718 

1,653 

1,660 

1,670 

1,624 

1,760 


0.431 

0.845 

0.815 

0.817 

0.826 

0.800 

0.868 


If. for example, the heat consumption in March. 1943, is compared ivith that in March, 1944, It will be 
found that in the latter the steam consumption is 1799 ~ 1760 « 39 lb less which is a decrease of 2.2 
percent. 


and should be relatively constant month by month. Column 7 in 
Table 7 may be used if the heat consumption is to be compared on a 
building volume basis with average values shown in Table 6. 


MAXIMUM DEMANDS AND LOAD FACTORS 

In one form of district heating rates, a portion of the charge is based 
upon the maximum demand of the building. The maximum demand may 
be measured in several different ways. It may be taken as the instan- 
taneous peak or as the rate of use during any specified interval. One 
method is to take the average of the three highest hours during the 
winter. These figures are available for a number of buildings in Detroit, 
as shown in Table 8 

These maximum demands were measured by an attachment on ^e 
condensation meter and therefore represent the amounts of condensation 
passed through the meter in the highest hours, rather than the true rate 
at which steam is supplied. There might be slight differences in these 
two quantities due to time lag and to storage of condensate in the system, 
but wherever this has been investigated it has been found to be negligible. 

The load factor of a building is the ratio of the average load to the 
maximum load and is an index of the utilization. Thus, in Table 8, the 
theaters, operating for short hours, have a load factor of 0.126 as 
compart with the figure of 0.318 for clubs and lodges. 

SEASONAL EFTICIENCY 

The task of predicting fuel consumption within reasonably accurate 
limits is a simple one where sufficient experience data are available for 
the fuel in question. Such data can be analyzed to the point where 
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Table 8. Buildutg Load Factoks and Demands of Some Detroit Buildings 


BumniNU CiASBinoATiov 

Load Factob 

Lb or Druand ms (Houa) 
(Sq Ft or Eqwalbnt In- 
STALLBi) Radiator Subpaob} 

Clubs anrf LoHp«s 

0.318 

0.184 

Hoti^la 

0.216 

0.207 

Printincr.. 


0.217 



0,209 



0.226 



0.182 



0.248 



0.158 


0.168 

0.152 


0.138 



0.126 

0.161 



average unit factors can be determined and expressed in such terms as, 
for example, cubic feet of gas actually burned per (square foot of calcu- 
lated steam radiator surface) (d^ee-day). The unit U can be inserted 
directly in Equation 4 without r&erence to efficiency. Such experience 
factors are available for gas (see Table 2) and for district steam (Table 6), 
but not for coal or oil. 

Since values of U are not available for oil or coal, an assumed seasonal 
effidency E must be used. Selection of a value for this E must be made 
with caution, for its use implies a meaning not commonly sedated with 
the word effidency and consequently is frequently misleading. 

The input of heat to a building consists not only of the energy in the 
fuel but that from occupants, tihie sun, appliances, processes, and all 
other sources. In many cases these make up, over a period, an important 
percentage of the toted heat required, and if they are not taken into 
accoimt a calculation of efficiency can show a figure over 100 per cent. 

For this and other reasons the actual seasonal efficiency is a difficult 
thing to determine. Published data are widely scattered and insuffident. 
From the available published material it is found that the seasonal effi- 
ciency varies over a wide range, depending on the fuel used, and it varies 
widely even for a given fuel. For example, in a recent survey of 30 
houses in one locality there was found a variation of from 45 to 75 per cent 
in the utilization efficiency depending on the fuel 
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Warm Air Leadeta, Stacka, and Registers; Retxim Air Ducts, 

Grilles, and Shoe Connections; Outline of Design Procedure 

W ARM air heating systems of the gravity type are described in this 
chapter K In these systems the motive head producing flow depends 
upon the difference in weight between the heated air leaving the top of 
the casing and the cooled air entering the bottom of the casing, while in 
the mechanical type a fan may supply all or part of the motive head. 

In general, a warm-air furnace heating plant consists of a fuel-burning 
furnace or heater, enclosed in a casing of sheet metal, which is placed in 
the basement of the building. The heated air, taken from the top or sides 
near the top of the furnace casing, is distributed to the various rooms of 
the building through sheet metal warm-air pipes. The warm-air pipes in 
the basement are Imown as leaders, and the vertical warm-air pipes which 
are run in the inside partitions of the building are called stadks. The 
heated air is finally discharged into the rooms through registers which 
are set in register boxes placed either in the floor or in the side wall, 
usually at or near the baseboard. A sectional view of a typical plant 
showing good installation practice is given in Fig. 1. 

The air supply to the furnace is usually taken entirely from inside the 
building through one or more recirculating ducts, although in some cases 
an outside air supply duct is provided. 

WARM Am LEADERS, STACKS, AND REGISTERS 

In a gravity circulating warm-air furnace system, the size of the leader 
pipe to a given room depends upon the length of the leader and the tem- 
perature of the warm air entering the room at the register. For most 
successful operation, the furnace should be centrally located with respect 
to register and stack positions so tliat the leaders will be of uniform length 
and as short as possible, in which case the frictional resistance to air flow 
and the temperature loss from the ducts will be about the same for all runs. 

In the Standard Code for Installation of Gravity Warm Air Heating 
Systems, the design was originally based on the heat carrying capacities 
per square inch of leader pipe area with register air temperatures of 175 F. 
In a recent revision of the entire design procedure, as shown in the section 
entitled Outline of Design Procedure, the canying capacities of leader pipes 
have been expressed directly in terms of Btu per hour. 

In general it is advisable to use two or more leader pipes to rooms 
requiring more than the capacity of a 12 in. round pipe. The tops of all 
sizes of leader pipes should be cut into the furnace bonnet at the same 
elevation, and from this point there should be a uniform upgrade of at 
least 1 in. per foot of run. Leaders over 12 ft in length, or having a large 
number of elbow fittings should be avoided if possible. In cases where 
such leaders are necessary, it is recommended that smooth transition 
fittings be used, and that duct insulation be applied. Asbestos paper, 
unless of the corrugated type, should not be considered as insulation. 
To assist in balancing the air distribution of the system, a damper should 
be placed in each leader pipe except one, this latter leader preferably 
being connected to a room heated at all times, such as a living room. 

m 
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In a gravity circulating system, the ratio of stack to leader area is 
quite important, although little is gained by providing wall stacks with 
areas in excess of 76 per cent of Aeir connected leader pipe area. In 
most cases a 33^ in. X 12 in. stack is the largest which can be installed 
in normal wall construction. Hence, any room having a heat loss much 
in excess of 9000 Btu per hour, will require two or more stacks, or one 
oversized stack built into a 6 in. studding space, providing the design 
raster temperature is to be retained at the value of 176 F as recommended. 



Fig. 1. A Sectional View of a Typical Plant Showing 
Good Installation Practice^ 


A. House chimney, no bends nor offsets. N. 

B. Top of chimney at least 2 ft above ridge of 

roof. O. 

C. Flue lining, fueday. P. 

D. All joints sdr tight. Q. 

E. At least 8 in. brick. R. 

P. No other connection beside that to furnace S. 

G. Cleanout frame and door, airtight. T. 

H. Smoke pipe, end flush Tvith inner surface of flue. U. 

I. Draft d^r. V. 

J. Use flue thimble. W. 

K. Casing body. X. 

L. Casing hood or bonnet, top of all leader collars Y. 

on same levd. Z. 

M. Round leader, pitch I in. per foot. 


Sleeve with air space around leader where 
missing through w^. 

Dampers in all leaders. 

Transition fitting. 

Rectangular wall stack. 

Baseboard register. 

Distribute pipes equally around bonnet. 

Floor register. 

Return air face. 

Panning under joist. 

Transiuon collar. 

Round return pipe. 

Transition shoe. 

Top of shoe at casing not above grate level. 


^From NJW.A Assn. Standard Code Application Manual. 


Registers used for discharging warm air into rooms should have a net 
area not less than the area of the leader pipe to which the register is 
attached. First story registers should be connected through boot and 
register box extensions having areeis at least equal to leader areas. Upper 
story registers should be of the same width as the wall stacjk, and should 
be placed either in the baseboard or sidewall, preferably without offsets. 
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First story registers may be of the baseboard or floor tyjpe, with the 
former location preferred. High sidewall registers in gravity systems 
deliver more warm air into the room than do baseboard registers, but most 
of the additional air merely results in high temperatures at the ceiling. 

RETURN AIR DUCTS, GRILLES, AND SHOE CONNECTIONS 

The ducts through which air is returned to the furnace should be 
designed to minimize resistance to air flow. They should be of ample 
area, in excess of the total area of warm-air pipes, and should be stream- 
lined. Horizontal ducts should pitch at least 34 in. per foot downward 
toward the furnace, avoiding fittings which would require lifting of the 
return air after the duct has passed under some obstacle. 

The return air grilles should have free areas at least equal to the ducts 
to which they connect and should be installed in the floor, or in the base- 




/iegtster 




Fig. 2. Typical Wapm Air Boots 


board with the top edge of the grille not more than about 14 in. above the 
floor line. Frictional resistance in the return air system is as detrimental 
as is resistance in the warm-air system, so that care should be exercised 
in locating return air grilles which require long return ducts. 

The placement and number of return grilles will depend upon the size, 
deteiils, and exposure of the house. Small compactly built houses may be 
adequately served by a single return grille effectively placed in the central 
hall. It is usually desirable to have two or more returns, provided that 
in two-story residences one return is placed to effectively receive the 
return air at the foot of the stairs. A return air connection must be 
carried to any room whose floor level is below that of adjacent rooms. 

Where a divided system of two or more returns is used, the grilles must 
be placed to serve the maximum area of cold wall or windows. Thus, in 
rooms having only small windows the grille can be brought as dose to 
the furnace as possible, but if the room has large window exposure the 
grille should be located necir the exposure. The frictional resistance of the 
long ducts used in parallel with short return ducts must be reduced to 
compensate for the length. Return ducts from upstairs rooms may be 
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necessary in spaces which are dosed off from the rest of the house or which 
have much outdoor exposure. Return grilles on different floor levels 
should not be connected to the same vertical return duct. 

Ducts returning air to the furnace should avoid heat sources which 
tend to reheat the return air. If the duct must be run over the top of the 
furnace, or above the vent pipe from the furnace, insulation should be 
interposed between the heat source and the duct. 

Circulation of air is fadlitated if the air can slide down a pipe inclined 
at approximately 45 deg and into a furnace shoe connection having a 
cross-sectional area equal to that of the pipe. The top of the return shoe 
should enter the casing below tihe level of the grate in the case of a coal 



Up to 20* 





Same as Type E 
except that col- 
lar and shoe are 
same as for Type 
A. 


Typp F 


Nate: For Types C, D« £, and F return-air duct systems, reduce the carrying capaoties shown m Table 8 
by 1 per cent for each 4 ft additional length in the horizontal run. 


Flo. 3. Typical Arrangements of Return-Air Duct Systems 


furnace, and not more than 14 in. above the floor in the case of oil or gas 
furnaces. In order to accomplish this the shoe is made wide. 

OUTLINE OF DESIGN PROCEDURE 

The data underlying the design procedure are given in detail in a circular* 
issued by the University of Illinois. In this procedure the design of the 
warm-air duct system is considered as an entire unit, so that for a given 
heat loss the sizes of leaders, stacks, boots, stackheads, and registers are 
all correlated. Similarly in tihe case of return ducts, the selection specifies 
a complete unit consisting of return grille, return duct, and shoe connection. 

Recommended Standard Sizes 

For the purpose of simplification and standardization, selected com- 
binations of commercial sizes of warm air pipes, return air pipes, ducts, 
grilles, fittings, and registers are desi^ated as Combination Numbers. 
The numbers assigned and the combinations selected as standard are 
listed in the following tables *. 
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Table 1 — Combination Numbers 1 to 5 — ^First Story Warm Air Ducts and R^^sters. 

Table 2 — Combination Numbers 11 to 16 — ^Second Story Warm Air Ducts, Single 
Wall Stacks, Fittings, and Registers. 

Table 3 — Combination Numbers 21 to 24 — ^Second Story Warm Air Ducts, Double 
Wall Stacks, Fittings, and Registers. 

Table 4 — Combination Numbers 31 to 38 — Return Air Ducts, Fittings, and Grilles. 

The selected types of boots are shown in Fig, 2 and their resistances 
expressed in equivalent elbows are shown in Table 5. It is essential that 
free areas be maintained throughout fittings. 

The selected types of return air ducts and fittings are shown in Fig. 3. 


Table 1. First Story Warm-Air Ducts^ 


Combination 

No. 

Lbadbr Pipe 
Diambtbb, In. 

Rbgisibk Size. In 

Floor 

BasdxiaTd 

Size 

Extension 

1 

8 

8x10 

lOx 8 

2Ji 

2 

9 

9x12 

12 X 8 

2K 

3 

10 

10x12 

12 X 9 


4 

12 

12x14 

13x11 

SK 

5 

14 

14x16 




aWhen the calculations indicate a requizement for a given room greater than Combination No. 4. two or 
more smaller units totalling the required capacity are recommended. 


Table 2. Second Story Warm-Air Ducts-^nglb Wall Stacks and Fittings 


COBCBI- 

NATZON 

No. 

Leader 

Pipe 

Diameter, 

In. 

Stacks 

Size 

In. 

Register Size, In. 

Floor 

Baseboard 

Sidewall 

Size 

Extension 

H 

8 

lOxSJi 

8x10 

10 X 8 


10x8 


9 

12x3J2 

9x12 

12 X 8 

2M 

12x8 

■a 


14x3}< 

10x12 

12 X 8 

2M 

12x8 

15 


12x5J4 


12 X 9 



16 

MM 

14x5M 

1 

13x11 

5H 

— 


^Recommended stack sizes. Tables may also be applied to 3 in. and 3M in stack depths. 


Table 3. Second Story Warm-Air Ducts— Double Wall Stacks and Fittings 


Combi- 

nation 

No. 

T.ieAT>TO 

Pipe 

Diameter, 

In. 

Stack Size, In. 

Register Size, In. 

Floor 

Baseboard 

Sidewall 

Internal 

External 

Size 


21 

8 

2H<=s:10 


mi 

10x8 



22 

8 

3 xlO 

mmssm 

Kin 

10x8 



23 

9 

2H<^zl2 


Km 

12x8 

2}| 


24 

9 

3 X 12 

3% X 125^ 

mm 

12x8 

2 H 

Kill 


•Commercial sizes vary ^ in. from values shown. 
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CaxTTing Capacity 

The Btu carrying capacities of the selected warm air and return air 
combinations are shown in Tables 6, 7 and 8: 

Table 6 — Combination Numbers 1 to 6 — ^Warm Air Carrying Capacities to first story 
registers with 1 to 5 elbows and with leaders 4 to 24 ft long. 

Table 7 — Combination Numbers 11 to 16 and 21 to 24 — ^Warm Air Carrying Capaci- 
ties to second story registers with 1 to 5 elbows with leaders 4 to 24 ft long. 

Table 8 — Combination Numbers 31 to 38^ — ^Return Air Carrying Capacities for types 
A, B, C, D, E, and F return combinations. 


Table 4. Return Air Ducts 


Combi- 

nation 

No. 

Duct 

Dia. 

IN. 

Area AT 

Mbtal Grille Sizes 

When Joist Lining 

IS USEDd 

When Duct is 
Used 

NBCnON, 

SqIn. 

Choose One 

No. of 
Joists 
Lined 

Minimum* 

Depth, 

In. 

Choose One 

A 

B 

c 

31 

10 


1 

8x14 

10x12 

1 

7 

14x 6 

12x 8 

32 

12 


6x30 

8x24 

12x14 

1 

9 

22x 6 

16x 8 

33 

14 

170 

8x30 

10x24 

14x 16 

1 

12 

28x 6 

22x 8 

34 

16 

220 

10x30 

12x24 


2 

8 

28x 8 

22x10 

35 

18 

280 

12z30 

14x24 


2 

10 

36x 8 

28x10 

36 

20 

340 

14x30 

18x24 


2 

12.5 

86x10 

30x12 

37 

22 

420 

18x30 



2 

16.0 

42x10 

36x12 

38 

24 

500 

20x30 



2 

18.0 

42x12 

36x14 


^Based on 14 in. apace between joints. 

eUse fun depth of joist except when joist depth is less than minimum depth required, when fian tnust 
Reused. 


Table 6. Resistances of Warm Air Boot Combinations 
Expressed in Elbow Equivalents 


Warm Air Boot 

Name of Combination 

Equivalent No. of 
90-Dbg Elbows 

A 

45-Deg Angle Boot and 45-Deg Elbow 

1 

B 

90-D^ Angle Boot 

1 

C 

Universal Boot and 90-D^ Elbow 

1 

D 

End Boot 

2 

E 

Offset Boot 

2H 

F 

G 

45-D^ Angle 

Floor Register — ^Second Story 

3 

H 

Offset 

3 

I 

Offset 

2 


Design Procedure 

The steps to be taken in designing a gravity warm air duct system are: 

1. Calculate the heat loss from each room as explained in Chapters 6, 8 and 14. 

2. Prepare a layout showing (a) furnace, (&) chimney connection, (c) warm air 
registers (whether floor, baseboard or wall), (d) return air grilles. 

3. Indicate on each warm air run (using symbols shown in Fig. 4): (a) whether the 
room to be heated is on the first or second story, (h) the approximate length of leader 
pipe in the basement, (c) the number of right angle elbows required, including the elbow 
at the boot connection (see Fig. 2), (d) whether the raster is to be located in the floor, 
in the baseboard, or in the wall. 

4. Show the number and proposed locations of return air grilles and the type of 
return air system (see Fig. 3). 




























Table 6. Warm Air Carrying Capacity, Btu Delivered, First Story Registers^ 
Length of Leader Pipe — in Fe^ 
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^Additional values for 6 and 7 elbows are siven in original Manual. 























































Table 7. Warm Air Carrying Capacity, Btu Dblivbrbd, Second Story Registers® 
Length of Leader Pipe--4n Feet 
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> 21 for Btu values multiply 11-22 values by 0.83. 
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5. From Table 6, for first story, or from Table 7 for second story, select the combi- 
nation number for the warm air system which will supply the heat required to each room, 
with the number of elbows and length of leader pipe previously determined. Then, using 
the combination number as found, read directly in Tables 1, 2, or 3 the leader, stack, and 
register sizes required. 

6. From Table 8 select the combination number for the return air system to correspond 
with the Btu serviced and the type of return air system. Then from Table 4 select the 
duct and grille sizes, etc., corresponding to the same combination number. 

7. Select a furnace having a raster delivery, in Btu per hour, equal to the total heat 
loss from the structure. 


Table 8. Return Air — Carrying Capacity — Btu Serviced 


Return 
Air Com- 
bination 
N o. 

Duct 

Dia 

In. 

Type A 
Btu per 
Hr 

Types B 
AND C Btu 
PER Hr I 

1 

Type D 
Btu PER 
Hr 

Type E 
Btu per 
Hr 

Type F 
Btu per 
Hr 

Return 
Air Com- 
bination 
N o. 

31 

10 

11,300 

9,500 

7,800 

5,000 

7,800 

31 

32 

12 

16,300 

13,700 

11,300 

7,200 

11,300 

32 

33 

14 

22,200 

18,700 

15,300 

9,800 

15,300 

33 

34 

16 

29,000 

24,400 

20,000 

12,800 

20,000 

34 

35 

18 

36,700 

30,800 

25,300 

16,200 

25,300 

35 

36 

20 

45,300 

38,000 

31,300 

20,000 

31,300 

36 

37 

22 

54,800 

46,000 

37,800 

24,100 

37,800 

37 

38 

24 

65,200 

54,800 

45,000 

28,700 


38 


Examples 1 and 2 will illustrate the use of the tables in selecting warm 
air and return system sizes. 

Eocample 1, For a room which has a heat loss of 22,500 Btu per hour select the size 
of first story warm air system. There are three elbows and the leader is approximately 
10 ft long.' 


Solution: Since 22,500 Btu is beyond the capacities shown in Table 6, it is necessary 
to select two units of 11,250 each. From Table 6 in 10 ft leader column and in section 
for three elbows find 11,400 as nearest capacity which corresponds to Combination Num- 
ber 4 in first column. Refer to Combination Number 4 in Table 1 and find that the 
leader should be 12 in. in diame- 
ter and should be used with a 
12 X 14 in. floor register or a 13 x 
11 in. baseboard register with a 
in. extension. 

Eocample What is the size 
of a return system of Type D 
which is to service 35,000 Btu 
per hour? 

Solution: From Table 8 find 
Combination Number 37 which 
will service 37,800 Btu per hour. 

Refer to Table 4 to find that 
Combination Number 37 will 
require a 22-in. diameter duct, a 
shoe area of 420 sq in., a metal 
prille 18 X 30 in., a duct 42 x 10 
m. or 36 x 12 in. If joist lining 
is used the minimum depth 
should be 15 in. for two 2-ioist 
spaces^ 14 in. wide, or 10 in. for 
three joist spaces. 
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Fig. 6. Details of Bonnet and Leader of Gravity Warm-Air Furnace 
(From Gravity Code and Manual) 


Figs. 5 and 6 show recommended practice as given in the N.W.A.H, 
&A.C. Assn. Gravity Code and Manual. For construction, design 
features, and ratings of gravity furnaces see Chapter 18. 

REFERENCES 

1— Xhe ensineering data were obtained hx>m University of Illinois, Engineering Es^erimeni Staton 
Bulletins Noa, 141, 188, 189 and 246: Warm Air Furnaces and Heating Systems, by A C. Willard, A. P. 
Kratz, V. S. Day, and S. Konao. See also Gravity Code and Manual for Gravity Warm Air Heating 
Systems, published by the National Warm Atr Heating and Atr Conditioning Association. 

*"^implified Procedure for Selecting Caiiacities of Duct Systems for Gravity Warm-Air Heating Ptents, 
by A. P. Krat* and S. Konzo {University of Illinois. Engineering Experiment Station Circular 45, Dec,, 
1942) 

**^ravi^ Code and Manual for Gravity Warm Air Heating Systems, Second Edition, 1945, N ational 
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Air Distribution, Standard Combinations of Parts, Autoxnatic 
Controls, Simplified Design of Heating System, Cooling 
Methods, Cooling System Design 


I N mechanical warm air or fan furnace heating systems S the air circu- 
lation is effected by motor-driven fans instead of by the difference in 
weight between the heated air leaving the top of the casing and the cooled 
air entering the bottom, as in gravity systems described in Chapter 21. 
The advantages of mechanical systems, as compared with gravity systems, 
are: 

1. The furnace need not be centrally located but may be placed in any part of the 
basement. 

2. Basement distribution piping can be made smaller and can be so installed as to 
nve full head room in all parts of the average basement, or be completely concealed 
from view where desired. 

3. Circulation of air is positive, and in a properly designed system can be balanced in 
such a way as to give a greater uniformity of temperature distribution. 

4. Humidity control is more readily attained. 

5. The air may be cleaned by sprays or filters, or both. 

6. The fan and duct equipment may be utilized for a complete cooling and dehumidi- 
fying ^tem for summer, using either ice, mechanical refrigeration, or low temperature 
water for cooling and dehumicufying, or adsorbers for dehumidifying. 

7. The use of the fan increases the volume of air which can be handled, thereby 
increasing the rate of heat extraction from a given amount of heating surface and 
insuring sufficient air volume to obtain proper distribution in a large room. 

8. Ventilation air may be positively introduced and heated. 

The construction features of mechanical warm air furnace units and 
discussions of the function and selection of the various parts, such as the 
furnace, casings, motors, filters and controls are included in Chapter 18. 


Am DISTRIBUTION 

The conditions of comfort obtained in a room are greatly influenced 
by the type of register used and the locations of the supply registers and 
return grilles. In general it has been found that changes in the type, air 
velocity, and location of the supply register affect the room conditions 
much more than the changes in the location of the return grilles. One 
method is to locate the supply register near the floor so ±hat the warm air 
from the register blankets a cold wall, and mixes with the cold air dropping 
off from the exposed walls and glass. Another method is to locate the 
supply openings near the floor on the inside wall and the return openings 
near the greatest outside exposure. In any case the warm air registers 
should be located so that the air stream never discharges directly into 
space that will normdly be occupied by people at rest. Tests in the 
Warm Air Resezu-ch Residence* have indicated that continuous fan 
operation provided better results than intermittent fan operation. 

and Grille Openings 

Supply registers located in the floor require attention to keep them clean 
and are usually avoided. Tests conducted in the Warm Air Research 
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Residence have indicated that comparable results are obtainable with 
either high side wall or baseboard registers, if proper registers and^ air 
velocities are selected. Baseboard registers should be of a deflecting- 
diffuser type which throw the air downward toward the floor and diffuse it 
at the same time. For baseboard registers air temperatures under 125 F 
and air velocities over 600 fpm should be avoided as they may cause drafts. 

High side wall registers must be of such type that the air is delivered 
horizontally or in a slightly downward direction, and must be so located 
as to avoid impingement of air on ceiling or wall. Directional flow 
diffusing type should be used to insure best results. Register air velocities 




Fig. 1. Recommended Type of Base- Fig, 2, Recommended Type of High 

BOAUD AND LoW SiDEWALL REGISTERS* SiDEWALL REGISTERS^ 

^Vertical bars with adiustable deflection, or fixed vertical bars with deflections to right and left not 
exceeding about 22 deg. For low sidewall location, the deflection for horizontal, multiple valve, remsters 
should not exceed 22 deg. For baseboard locations, the deflection for horizontal, multiple valve, registers 
should not exceed about 10 deg. 

^Horizontal valves, in back or front, to give downward deflections not to exceed from 16 to 22 deg. 


should be such that the air stream carries to the opposite exposure. 
Velocities under 500 fpm are not recommended. Basic rules for the 
location and selection of registers are given in Section C of the Code and 
Manual (Textbook Section 7) of the National Warm Air Heating and Air 
Conditioning Association, 

Registers should be well proportioned and decorated to harmonize with 
the trim. Air supply registers should be equipped with dampers and all 
registers should be sealed against leakage around edges. The register 
types shown in Figs. 1 and 2 have been recommended as standard by the 
National Warm Air Heating and Air Conditioning Association, 

Velocities through registers may be reduced by the use of registers 
larger than the connecting ducts. Diffusers should be used to spread the 
air uniformly over the register face. 

Return air grilles may be located in hallways, near entrance doors, 
under windows, in exposed corners, or inside walls, depending on location 
of supply registers. Baseboard returns are preferable to floor grilles. 

Dampers 

Suitable dampers for air direction or volume control are ^ential to smy 
trunk or individual duct system. Special care must be used in the design 
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4. The heat lag of the building complicates the estimation of the cooling load under 
any specified conditions and makes such estimatesi based on the usual methods of 
computation, of doubtful value. 

5. The seasonal cooling requirements are extremely variable from year to year, and 
the ratio between the degree-hours of any two seasons occurring within a 10-year period 
may be as high as 7.5 to 1. Hence an average value of the d^ee-hours cooling per 
season is comparatively meaningless. 

6. The duct S 3 rstem in a forced-air heating installation can be successfully converted 
to a S 3 rstem for conveying cool air for the purpose of cooling the structure. No conden- 
sation of moisture was <^erved when the duct temperatures were not less than 65 F. 

7. Cooling by means of water at a temperature of 60 F is not satisfactory unless an 
indoor temperature of less than 80 F is maintained. 

8. In the selection of cooling coils, the additional frictional resistance of the coil to 
flow of air must be given consideration. 

9. Cooling the structure by introducing l^e quantities of air from outdoors at night 
tended to reduce the amount of cooling requir^ on the following day and was a practical 
means of providing more comfortable conditions in those homes where cooling systems 
were not available. 

METHOD OF DESIGNING COOLING SYSTEM 

The general procedure which may be used for the design of a summer 
cooling system in a forced-air installation is: 

1. Calculate heat gain for each room or space to be conditioned. (See Chapters 6 
and 15.) Allowance for addition of outside air must be included in this cdculation. 

2. Select a temperature of air leaving supply inlets. In Research Residence tests 
a value of from 66 to 70 F was found satisfactory. 

3. Determine mdoor conditions to be maintained. In Research Residence 80 F dry- 
bulb and 45 per cent relative humidity were found satisfactory. 

4. Determine the quantity of air to be introduced into each room. (See Chapter 43.) 

5. Estimate heat gain in duct system between cooling unit and supply rasters. 

6. Calculate the sensible and latent heat to be removed by the cooling unit. 

7. Determine size of ducts in duct system and size of registers, as explained in Chap- 
ters 40 and 41. 

8. Determine pressure loss in duct system and select fan as also explained in the 
same section. 

9. Select cooling imit from manufacturer’s data. Specify temperature and pressure 
of available cooling water, voltage and characteristics of electrical supply, and method 
of control of apparatus. 

10. Select cooling coils from manufacturer’s data to take care of latent heat load and 
to give required drop in air temperature with the weight of air flowing. (See Chapter 25.) 

11. If s^em is to be used for both winter heating and summer cooling, duct sizes 
must be checked to insure that velocities and friction losses are reasonable for both 
conditions of operation. Adjustable dampers will be necessary to make changes in air 
distribution for tibe two seasons. Provision must also be made for changing fan speeds 
for summer and winter operation. 


REFERENCES 

i~Spedficationa for the furnace unit and the installed duct system are shown in The Yardstick (Teict- 
book Section 8) and the Code and Manual (Textbook Section 7) published by NatiojuU Warm Air Heating 
and Air Condtiwning Assoctaiion, 

‘—Performance of a Forced Warm-Air Heating System as Affected by (Changes in Volume and Tem- 
perature of Air Recirculated, by A. P. Kratz and S. Konzo (A.S.H.V £. Transactxons, Vol. 48, 1942, p 
393). 

‘—Automatic Controls for Forced-Air Heating Systems, by S. Konzo and A. F. Hubbard (A.S.H.V.E. 
Transactions, Vol. 40, 1934, p. 37). 

‘—Summer Cooling in the Research Residence, by A. P. Kratz, S. Konzo, M. K. Fahnestock and E. L 
Broderidc (University of Illinois Bngineenng Experiment Station Bulletins Nos. 290, 306 and 321^ A.S.H.V.E 
Rbsbarch Report No, 1177— Summer Cooing in the Research Residence with a Gas-Fired Dehydration 
Coohng Unit, by A. P Kratz, S Konzo and E L. Broderick (A.S.H.V.E Transactio 24 S, Vol. 47, 1941, 
p. 203). 
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Table 1. Wabm Air Duct System Combinations of Parts Selected as Standard 


Combi- 

nation 

No. 

! Stack 
Size 

In. 

Branch Pifb 
Size, In. 

Registbr Size, In. 

(See Figs. 1 and 2) 

Required 
Increase 
IN Width 
of Trunk 
Duct, In. 

Round 

Rbo 

TANGULAR 

Base- 

board 

OR Low 
Sidewall 

1 High Sidewall | 

Floor 

Regis- 

TBRS» 

For throws 
less than 
13 ft 

For throws 
more than 
13 ft 

1 

2 

3 

4 

5 

6 

7 

8 

9 ^ 

41 

lOxSJi 

6 

4x8 

10x6 

10x6 

10x4 

8xl0a 

1 

42 

lOxSJi 

6 

4x8 

10x6 

10 X 6 

10x4 

8xl0a 

2 

43 

12x8H 

■1 

5x8 

12x6 

! 

12x6 

12x4 

9x 12a 

3 

44 

14x3H 

8 

6x8 1 

14x6 

14x6 

14 X 4 

9xl2a 
or longer 

4 

46 

10x3^ 

(2-Stacks) 

9 

8x8 

(2)10x6 

or 

(1)24x6 

(2)10x6 

or 

(1)24x6 

(2) 10x4 
or 

(1)24x4 

10 X 12a 

6 

46 

12 X 3K 
(2-Stacks) 



(2) 12x6 
or 

(1)30x6 

(2) 12x6 
or 

(1) 30x6 

(2)12x4 

or 

(1)30x4 

12 X 14a 

7 


aUse these items only when the building construction or capacity requirements necessitate the use of 
floor registers. The sizn listed for floor registers correspond to the standard sizes for gravity warm-air 
systems, except for the sizes of the floor box collars. The use of standard blind boxes is suggested. 


SIMPLIFIED METHOD OF DESIGNING DOMESTIC 
FORCED-Am SYSTEMS 

A Amplified method for selecting the combinations of branches, boots, 
stacks, and registers, is given in the Code and Manual (Textbook section 
No. 7) of the National Warm Air Heating and Air Conditioning Associa- 
tion. In this method the sizes of the branch ducts are obtained from two 
tables giving their Btu capacities. The proper rombination of pa^ for 
each branch can be determined if the following information is available. 

a. Location of room, that is, whether on first or second story. 

h. Actual length of basement duct from bonnet to boot, in feet. 

c. Btu loss from room to be heated. 

d. Equivalent lengths in feet of all fittings and of the r^fister. Fig. 3 shows the values 
of equivalent lengths of fittings commonly used for domestic s}/8tems. 

This simplified method is applicable to structures having heat los^ 
not in excess of approximately 160,000 Btu per hour. The capacities 
^own in Tables 3 and 4 are based upon the most reliable data pertaining 
to friction losses and temperature drops in ducts. They are ^so based 
upon a 100 deg temperature rise of the air, and a static pressure available 
for overcoming friction losses in the Vernal duct system alone of 0.20 in. 
water gage. The use of this method assumes that the fan in the fan- 
furnace assembly will be capable not only of overcoming Ae resistance of 
the external duct system alone, but also the resistances imposed by the 
blower inlet, the filter, and the furnace casing. 
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Table 2. Return-Air Duct System Combinations op Parts Selected as Standard 


Combi- 

nation 

No 

Rbtubn-Air Intaeb 
Size, In. 

Riser Size. 
In. Where 
Stack is 
Used in 
Stud Space 

Branch Pipe 
Size, In. 

When Joist Lining 
is USEDb 

Number of Joist 
Spaces Lined and 
Minimum Depth of 
Space Required 

Required 
Increase 
in Width 
OF Trunk 
Duct (for 
8 In. Depth 
of duct). 
In. 

Base- 

board 

floor* 

Round 

Rec- 

tangular 

1 

2 

3 

4 

5 

6 

7 

8 

51 

10x6 

6x10 

or 

4 X 14 

10 X Siic 

6 

4x8 

1 space of 3 in. 
depth 

1 

52 

10x6 

6x 10 
or 

4x14 

10 X 

6 

4x8 

1 space of 3 in. 
depth 

2 

53 

12x6 

6x12 

or 

6x14 

12 X 8}^^ 

■ 

5x8 

1 space of 4 in. 
depth 

3 

54 

14x6 

6x 14 

14 X 

8 

6x8 

1 space of 5 in. 
depth 

. 

4 

55 

24x6 

or 

30x6 

6x30 

Two 

stacks 

each 

10 X 3Jic 

9 

8x8 

1 space of 6 in. ’ 
depth or 2 spaces 
of 3 in. depth 

6 

56 

30x6 

6x30 

Two 

stacks 

12 X 

10 

10x8 

1 space of 7 in. 
depth or 2 spaces 
of 4 in. depth 

7 

57 


8x30 

— 

12 

15x8 

1 space of 9 in. 
depth or 2 spaces 
of 5 in. depth 

11 


•Use these items only when building construction, or capacities, requires the use of floor intakes. The 
sizes listed correspond to standard sizes for gravity installations, except floor box collars. The use of 
standard blind boxes is suggested. 

^•Based on 14 in. space between joists. Use full depth of joist, except when joist depth is less than mini- 
mum depth required, in which case a drop pan must be used. This may occur when two or more return 
ducts are connected to the same joist space. 

•If it is desired to use 14 in. x ZH in* stud space, it makes no difference whether this space has pro- 
truding keys or not 

<ilf it is desired to use 14 in. x Zfi in. stud roace. the plaster base must be smooth, without any pro- 
truding plaster keys to interfere with the flow of air. 

The combination numbers shown in the right hand column of Tables 
3 and 4 correspond to those given in Tables 1 and 2. 

Tables 3 and 4 are also applicable for the selection of the return air 
branches. A depth of 8 in. has been adopted as the standard for the 
trunk ducts. The width of a trunk duct serving two branches is deter- 
mined by adding to the width of the remote branch the value shown in 
column 9 of Table 1, or column 8 of Table 2. 

For buildings having a heat loss in excess of 150,000 Btu per hour- the 
design procedure may be that given in the Technical Code, Fourth E^tion, 
of the National Warm Air Heating and Air Conditioning Association. Air 
duct sizes and air distribution may also be calculated in accordance with 
data given in Chapters 40 and 41. 

COOLING METHODS 

A slight cooling effect may be obtained under certain conditions by the 
use of the cooler basement sdr. A more positive cooling effect may be 




































































Fig. 3. Equivalent Length of Fittings 


obtained by the use of an air washer where the temperati 
well water is sufficiently low (56 F or lower), and wl 
volume of water can be provided. Unless the temperatu 
water is below the dew-point temperature of the indoor 
the washer is started, both the relative and absolute hi 
somewhat increased. 

Coils of copper finned tubing through which cold wate 
available for cooling. They require less space them edr w 
the advantage that no moisture is added to the air when 
of the water rises above the dew-point. Ample coil ! 
capacity are necessary with this type of cooling. 

It is thoroughly feasible to use ice or mechanical refri 
nection with a warm air system and to cool the building 
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Group 5. Branch Ang/es and E/i?aws (not mc/ud^ng hoots) 
SEqfi tO^FtZOtqFi 5 E^Ft JO Fg Ft ^ EgFt lOEaJt 



Group 6 Boot from Branch to Stack. 










F/ffcr^ 


One fades 
^25 


SteM^^ 
Jot$i sjmetr 


%4ai ^0 

n ?5a (jnefudes 
Fieiurn 
Intake) 


Floor 
Intake^ 
and m 
turn & 


m 


Group 7 Reghters (Inc/uding losses in stacthead and ^/eloaty pressure) 




E auivalenfLenJih for ataisitrjt. 

(See diagrams at nghi) Ujj 


Notes for Tdole 7 

a) fVhen turning vanes are used in stack- 
head use 07 of values in columns 2 to 4- 


I?) Values shov/n in 2nd and 3rd 
columns m Table are for ^tn 
he/ght registers (Standard heighi) 
and those in 4th column are for 
4in height registers 
For Bin height registers* mudiplg 
values In dl2 and 3 by 13 
For Bin, height registers, multiply 
values in CdlZand 3 bu 0,0 


For Z'dag def/ection registers, add the 
vertical and horizontal der/ectm angles 
together and multiply bu 07 Select 
closest angle *a’' in Col / cf Table 7 


Fig. 3. Equivalent Length of Fittings (Continued) 


15’ 

40’ " 

40 ' “ 

30 ' ■ 

ZZ’ 

45- - 

45 “ ■ 

40 ■ “ 

30’ 

60 • “ 

60 - • 

US ■ ■ 

45’ 

115- ■ 

US ■ ■ 

Z30- ' 



provided the building is reasonably well constructed and insulated. 
Windows and doors should be tight, and awnings should be supplied on 
the sunny side of the building. (See also Chapters 38, 39 and 43.) 

Conclusions drawn from studies^ conducted in the University of 
Illinois Research Residence, subject to the limitations of the test are: 

1. An uninsulated building of ordinary residential type may require the equivalent of 
three tons of ice in 24 hr on da}^ when the maximum outdoor temp^ture reaches 
100 F if an effective temperature of approximately 72 deg is maintained indoors. 

2. The use of awnings at all windows in south, and west exposures may result in 
savings of from 20 to 30 per cent in the required cooling load. 

3. The cooling load per d^;ree difference in temperature is not constant but increases 
as ^e outdoor temperature increases. 
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Table 3. Capacitt Tables for Warm-Air and Retdrn-Air Branches^'^ 


FIRST STORY 


For 

XININSULATED 
Metal Ducts 

ACTUAL LENGTH 

FROM BONNET TO BOOT) OR. 

FROM RBTXmN PLENUM TO BOOT) IN FEET 

Warm 

Air 

Combi- 

nation 

No. 

Re- 

turn 

1 TO 

7 FT 

8 TO 
12 FT 

18 TO 
17 FT 

18 TO 
24 FT 

26 TO 
34 ft 

86 TO 

44 ft 

46 TO 
54 ft 

56 TO 
64 ft 

Ant 

Combi- 

nation 

No. 

* 


Col. a 

COL.B 

COL-C 

COL,P 

Col. b 


Q2I 

Col, H 


Section A. 

7200 

6700 

6100 


4800 

4100 

3500 

3000 

41 

51 



11700 

10800 


8500 

7400 

6400 

5500 

42 

52 

40 to 69 

ihllJJI 

15000 

14000 


11300 

9900 

8700 

7700 

43 

53 

Equivalent 

Ft for 

Ijy 

18000 

17000 


14200 

12500 

11000 

9600 

44 

54 

Fittings 


23400 

21600 

19800 

lilflUiIiM 

14800 

12800 

11000 

45 c 

55 

and 


Rliiiiiiil 



22600 

19800 

17400 

15400 

46® 

56 

Register 





56500 

49500 

43500 

38500 


57 c 

Section B. 

5500 

6100 

4800 


3900 

3400 


2600 

41 

51 


9900 

9200 

8600 


7100 

6200 


4600 

42 

52 

70 to 99 

13100 

12300 

11600 


9700 

8500 


6500 

43 

53 

Equivalent 

Ft 

16300 

15400 

14500 


12200 



8300 

44 

54 

19800 

18400 

17200 


14200 

12400 


9200 

45 c 

55 



24600 

23200 

21800 

19400 

iWiliTil 


13000 

46® 

56 



61500 


54500 

48500 

42500 


32500 

.... 

67® 

Section C. 

4400 

4200 

3900 


3200 

2900 


2300 

41 

51 



7600 

7100 

6600 

5800 

5100 

4500 

4000 

42 

52 

100 to 139 



9600 

KIOI!] 


7100 

6200 

5400 

43 

53 

Equivalent 

Ft 


12900 

12100 

11300 


8900 



44 

54 


15200 

14200 

13200 

11600 

10200 


8000 

45 c 

55 



mm 

19200 


mm 

14200 



46C 

56 


54000 

50500 



40000 

35500 



.- 

57 c 


3900 

3700 

3600 

3300 

2900 

2500 

2200 

2000 

41 

51 


6900 

6500 

6100 

5700 

5100 

4500 

4000 

3600 

42 

52 


9300 


8100 

7600 

TOlIilil 

6000 

5300 

4700 

43 

53 


11600 



9800 

8700 


6800 


44 

54 

13800 


12200 

11400 



8000 

7200 

45 c 

55 


18600 

17400 

16200 

15200 

13600 


10600 

9400 

46C 

56 


46500 

43500 


38000 


IBJ 

26500 

23500 

.... 

57 c 

Section E. 

3300 


2900 

2700 

2500 

2200 


1700 

41 

51 


5700 


5100 

4800 

4300 



Kllllltl 

42 

52 

190 to 250 

7800 


6900 

6500 

6700 



3900 

43 

53 

Equivalent 

Ft 

9700 

mnm 

8600 

8100 

7300 

6500 


5100 

44 

54 

11400 



9600 

8600 




45 c 

55 


16600 


13800 

FBTi!iIill 

11400 

iiijliiil 


7800 

46C 

56 



B 

34500 

32500 

28500 

H 

Bl 

19500 

— 

57 c 


For 

Col. a 

Col. b 

Col. c 

COL.D 

COL.E 


For ducts that are COM- 
PLETELY INSULATED 

INSULATOD 

1 to 


18 TO 

26 TO 

85 TO 


with H in. thick insula- 

Ducts 

9 FT 

17 ft 

24 FT 

84 ft 

64 FT 


tion FROM Bonnet to Boot, 
USB these column headings. 


•These tables are for use in sizing both the 'VFarm. air aad the return air branches. 
bFrictional resistances and temperature drops in ducts have both been accounted for in these tables. 

oUse these items only when the building construction, or capacity requirements, necessitates the use 
of two adjoining stacks or floor registers. 
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Table 4. CAPAaxY Tables for Warm-Air and Return Air BRANCHEsa*^ 


SECOND STORY 



ACTUAL LENGTH [ 

FROM BONNET TO BOOT) OR, 

FROM RETURN PLENUM TO BOOT) IN FEET 

Warm 

Air 

Combi- 

nation 

No. 

Re- 

turn 

UNINSULATED 
Mstal Ducts 

1 TO 
7ft 

8 TO 
12 FT 

13 TO 
17 FT 

18 TO 
24 FT 

25 TO 
84 FT 

35 TO 
44 ft 

45 TO 
54 ft 

55 TO 
84 FT 

Air 

Combi- 

nation 


Col. a 

Col. b 

Col. c 

COL.D 

Col. e 

Col. f 

Col. g 

COL.H 



Section A. 



5200 




3100 


41 

51 




9200 




5600 


42 

52 

40 to 69 

14000 

13000 

12100 

11400 

10000 




43 

53 

Equivalent 

Ft for 

nil 

15900 

14900 


mm 

jm 

9900 


44 

54 

Fittings 



18400 


ffEiiiil 


11200 


45c 

55 

and 



24200 


feflilitlll 


15600 


46 C 

56 

Roister 



60500 






.... 

57<= 

Section B. 



4300 


lglM 

3000 

2700 

2300 

41 

51 




7600 

7100 


5400 

4700 

4200 

42 

52 

70 to 99 


RfijU 


9600 


7500 

6700 

6000 

43 

53 

Equivalent 

Ft 




12200 


9600 

8500 

7500 

44 

54 



15200 

14200 



9400 

8400 

45c 

55 


23900 


20600 

19200 

llifljtlil 

15000 

13400 

12000 

46C 

56 


59500 


51500 


ISJ 

37500 

33500 

30000 

— 

57c 

Section C. 


3800 

3600 

3400 

2900 

2600 

2300 

2000 

41 

51 





KilUll 

5200 

4600 

mSSSM 


42 

52 

100 to 139 



8700 

8100 

7100 

6200 

5500 


43 

53 

Equivalent 

Ft 

12500 

11000 


10100 

9000 


7200 


44 

54 



12800 

12000 

10400 

9200 



45c 

55 




17400 

16200 

14200 

12400 

11000 

9600 

46C 

56 




43500 

40500 

35500 


27500 

24000 

— 

57<= 

Section D. 


3400 

3100 

2900 

2600 

2200 

2000 

1800 

41 

51 


■ifiltM 

6000 

5600 

5300 

4700 

4100 

3700 


42 

52 

140 to 189 

Kilul 

8000 

750a 

7000 

6100 

5400 

4800 


43 

53 

Equivalent 

Ft 


10100 

9400 

8800 


6900 

6100 


44 

54 


12000 

11200 

10600 


8200 

7400 


45'= 

55 



16000 

15000 

sgjTjjl 



9600 


46C 

56 



40000 

37500 




24000 


— 

57c 

Section E. 



2700 

2500 


1900 

1700 

1500 

41 

51 


Mnijl 


4800 

4400 

3900 

3400 

3100 

2800 

42 

52 




6300 

5900 

5100 

4500 

3900 

3500 

43 

53 

Equivalent 

Ft 



7900 

7500 

6600 

5900 

5200 

4700 

44 

54 




8800 




5600 

45c 

56 


14600 

13600 

12600 

11800 

10200 

9000 

7800 

7000 

46«= 

56 


36500 

34000 

31500 

29500 

25500 

22500 

19500 

17500 

— 

i 67<= 










For ducts that are 

For 

Col. A 

Col. b 

Col. c 

Col. D 

COL.E 

COL. F 

Col. g 

COMPLETELY IN- 
SULATED WITH H 

INSULATED 

1 TO 

9 TO 

1610 

21 TO 

28 TO 

48 TO 

55 TO 

IN THICK INSULATION 

Ducts 

8ft 

14 ft 

20 FT 

27 FT 

42 FT 

54 FT 

70 ft 

FROM Bonnet to Boot 

USB THESE COLUMN 
HEADINGS. 


^These tables are to use in sizing both the warm air and the return air branches. 
bFrictional resistance and temperature drops in ducts have both been accounted for in these tables. 
oUse these items only when the building construction, or capacity requirements, neceseitates the use 
of two adjoining stacks or £U>or registers. 
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4. The heat lag of the building complicates the estimation of the cooling load under 
any specified conditions and makes such estimatesi based on the usual methods of 
computation, of doubtful value. 

5. The seasonal cooling requirements are extremely variable from year to year, and 
the ratio between the degree-hours of any two seasons occurring within a 10-year period 
may be as high as 7.5 to 1. Hence an average value of the d^ee-hours cooling per 
season is comparatively meaningless. 

6. The duct S 3 rstem in a forced-air heating installation can be successfully converted 
to a S 3 rstem for conveying cool air for the purpose of cooling the structure. No conden- 
sation of moisture was <^erved when the duct temperatures were not less than 65 F. 

7. Cooling by means of water at a temperature of 60 F is not satisfactory unless an 
indoor temperature of less than 80 F is maintained. 

8. In the selection of cooling coils, the additional frictional resistance of the coil to 
flow of air must be given consideration. 

9. Cooling the structure by introducing l^e quantities of air from outdoors at night 
tended to reduce the amount of cooling requir^ on the following day and was a practical 
means of providing more comfortable conditions in those homes where cooling systems 
were not available. 

METHOD OF DESIGNING COOLING SYSTEM 

The general procedure which may be used for the design of a summer 
cooling system in a forced-air instsdiation is: 

1. Calculate heat gain for each room or space to be conditioned. (See Chapters 6 
and 15.) Allowance for addition of outside air must be included in this cdculation. 

2. Select a temperature of air leaving supply inlets. In Research Residence tests 
a value of from 66 to 70 F was found satisfactory. 

3. Determine mdoor conditions to be maintained. In Research Residence 80 F dry- 
bulb and 45 per cent relative humidity were found satisfactory. 

4. Determine the quantity of air to be introduced into each room. (See Chapter 43.) 

5. Estimate heat gain in duct system between cooling unit and supply rasters. 

6. Calculate the sensible and latent heat to be removed by the cooling unit. 

7. Determine size of ducts in duct system and size of registers, as explained in Chap- 
ters 40 and 41. 

8. Determine pressure loss in duct system and select fan as also explained in the 
same section. 

9. Select cooling imit from manufacturer’s data. Specify temperature and pressure 
of available cooling water, voltage and characteristics of electrical supply, and method 
of control of apparatus. 

10. Select cooling coils from manufacturer’s data to take care of latent heat load and 
to give required drop in air temperature with the weight of air flowing. (See Chapter 25.) 

11. If s^em is to be used for both winter heating and summer cooling, duct sizes 
must be checked to insure that velocities and friction losses are reasonable for both 
conditions of operation. Adjustable dampers will be necessary to make changes in air 
distribution for tibe two seasons. Provision must also be made for changing fan speeds 
for summer and winter operation. 


REFERENCES 

i~Spedficationa for the furnace unit and the installed duct system are shown in The Yardstick (Teict- 
book Section 8) and the Code and Manual (Textbook Section 7) published by NatiojuU Warm Air Heating 
and Air Condtiwning Assoctaiion, 

‘—Performance of a Forced Warm-Air Heating System as Affected by (Changes in Volume and Tem- 
perature of Air Recirculated, by A. P. Kratz and S. Konzo (A.S.H.V £. Transactxons, Vol. 48, 1942, p 
393). 

‘—Automatic Controls for Forced-Air Heating Sj^ems, by S. Konzo and A. F. Hubbard (A.S.H.V.E. 
Transactions, Vol. 40, 1934, p. 37). 

‘—Summer Cooling in the Research Residence, by A. P. Ktatz, S. Konzo, M. K. Fahnestock and E. L 
Broderidc (University of Illinois Bngineenng Experiment Statum BuUeitns Nos. 290, 306 and 321^ A.S.H.V.E 
Rbsbarch Report No, 1177— Summer Cooing in the Research Residence with a Gas-Fired Dehydration 
Coohng Unit, by A. P Kratz, S Konzo and E L. Broderick (A.S.H.V.E Transactio 24 S, Vol. 47, 1941, 
p. 203). 
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ClasaiMca.tioTi, Piping for Steam Heating Systema, Steam Plow, 
Pipe Sizes, Indirect Heating Units, Types of Heating Systems, 
High Pressure Steam Systems, Boiler Connections, Cbnden- 
sate Return Pumps, Vacuum Pumps, Traps, Drips, Connect- 
ions to Heating Units, Control Valves 


S TEAM heating systems may be classified according to any one of, or 
combination of, the following features: (1) the piping arrangement, 
(2) the method of returning the condensate to the boiler, (3) the acces- 
sories used, (4) the meth<^ of expelling or removing the air from the 
system, (5) ihe type of control used, and (6) the pressure or vacuum 
conditions obtained in operation- 

In all heating systems, the condensate is returned to the boiler either 
by gravity or by mechanical means. In gravity systems the condensate is 
returned by gravity due to the static head of water in the return pipes 
or mains. The elevation of the boiler water line must be suflSdently 
below the lowest heating unit, steam pipe or dry return pipe to permit 
the return by gravity. The water line difference forming the static head 
must be sufficient to overcome the maximum pressure drop in the system, 
including the pressure drop due to the condensing effect of the radiation. 
When radiator and drip traps are used, as in two-pipe vapor systems, the 
static head must also exceed the operating pressure of the boiler. The 
pressure drop caused by condensing rate of the radiation is espedally 
important during those portions of*the operating periods when changing 
pressure conditions prevail, as for example, when the system is being 
initially filled with steam. In systems where the condensate is wasted 
to the sewer, no water line differenoe is required. However, the waste of 
condensate may introduce conditions which warrant the use of an 
appropriate mechanical return system. Whenever the conditions of a 
heating system are such that the condensate cannot gravitate to the 
boiler, it must be returned by some mechanical means. 

In mechanical systems the condensate flows to a receiver by gravity and 
is then forced into the boiler against its pressure. In all instances the 
preferable practice is to provide for gravity flow even when a vacuum 
pump is usM. The lowest parts of the supply side of the system must be 
kept sufficiently above the water line of the receiver to insure adequate 
drainage of water from the system. 

There are three general typ^ of mechanical return devices in common 
use, namely, (1) the mechanical return trap, (2) the condensate return 
pump, and (3) lie vacuum return line pump. 

PIPING FOR STEAM HEATING SYSTEMS 

The functions of the piping system are the distribution of the steam, 
the return of the condensate and, in systems where no local air vents are 
provided, the removal of the air. The distribution of the steam should be 
rapid, uniform and without noise, and the release of air should be facili- 
tated as much as possible, as an air boimd system will not heat readily 
nor properly. In designing the piping arrangement it is desirable to 
maintain equivalent resistances in the supply and return piping to and 
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from a radiator. Arranging the piping so the total distance from the 
boiler to the radiation is the same as the return piping distance from the 
heating unit back to the boiler tends to obtain such a result. The 
condensate which occurs in steam piping as well as in radiators must 
be drained to prevent impeding the ready flow of the steam and air. The 
effect of back pressure in the returns and excessive revaporization, such 
as occurs where condensate is released from pressiues considerably 
higher than the vacuum or pressure in the return, must be avoided. 

It is important that steam piping systems distribute steam not only at 
full design load but during excess and partial loads. Usually the averse 
winter steam demand is less than half of the demand at the design outside 
temperature. Moreover, in rapidly warming up a system even in moder- 
ate weather, the load on the steam main and returns may exceed ^e 
maximum operating load for severe weather due to the necessity of raising 
the temperature of the metal in the system to the steam temperature and 
the building to the design indoor temperature. Investigations of the 



S' 


OC. 

UJ 

a. 


a. 


Fig. 1. Relation Between Elapsed Time, Steam Pressure, Condensate and 

Am Elimination Rates 


return of condensate have revealed that as high as 143 per cent of the 
design condensation rate may exist under conditions of actual operation. 

The piping design of a heating system is greatly influenced by its 
operating characteristics. Heating systems do not operate under constant 
conditions as they are continually changing due to variation in load. ^ As 
the system is being filled with steam the pressures existing in various 
locations may be different from those which exist for appreciable periods 
at other locations although at equilibrium conditions the pressures are 
approximately the same. In designing piping it is of especial importance 
to arrange the system to preclude trouble caused by such pressure dif- 
ferences. The systems which readily release the air permit uniform 
pressures to be attained in much shorter time intervals than those which 
are sluggish. Results are given in Fig. 1 from investigations ^ to deter- 
mine the rate of condensate and air return from a two-pipe gravity heating 
system. Variations in the steam pressure during the warming-up period 
when the rate of air elimination and condensation is high are clearly 
indicated in these curves. 

It is evident that the condensate flow during the initial warming-up 
period reaches a peak which is greater than tiie constant condensing 
rate eventually reached when the pressure becomes uniform. Moreover, 
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the peak condensing rate is obtained when the system steam pressure is 
lower than that existing during a period of constant condensing rate. It 
will also be noted that the peak rate of air elimination does not coincide 
with the higher condensing rate. 

STEAM FLOW 

The rate of flow of dry steam or steam with a small amount of water 
flowing in the same direction is in accordance with the general laws of gas 
flow and is a function of the length and diameter of the pipe, the density 
of the steam, and the pressure drop through the pipe. This relationsWp 
has been established by Babcock in the formula given at the top of Table 
1. In Columns 1, 2, 3, and 4 of this table, the numerical values of the 
factors for different pressure losses, pipe diameters, steam densities and 
lengths of pipe have been worked out in convenient form so that the steam 
flowing in any pipe may be calculated by multiplying together the proper 
factors in each column as shown in the example at the bottom of the table. 

PIPE STTFS 

The determination of pipe sizes for a given load in steam heating 
depends on the following principal factors: 

1. The initial pressure and the total pressure drop which may be allowed between the 
source of supply and the end of the return system. 

2. The maximum velocity of steam allowable for quiet and dependable operation of 
the system, taking into consideration the direction of condensate flow. 

3. The equivalent length of the run from the boiler or source of steam supply to the 
farthest heating unit. 

4. The direction of flow of the condensate, whether against or with the steam. 

Initial Pressuza and Pressure Drop 

Theoretically there are several factors to be considered, such as initial 
pressure and pressure required at the end of the line, but it is most import- 
ant that: (1) the total pressure drop does not exceed the initial gage 
pressure of the system and in actual practice it should never exceed one- 
half of the initial gage pressure; (2) the pressure drop is not so great as to 
cause excessive vdocities; (3) Aere is a constant initial pressure, except 
on systems specially designed for varying initial pressures, such as the 
sub-atmospheric, which normally operate under controlled partial vacua, 
and orifice and vapor systems which at times operate under such partial 
vacua as may be obtained due to the condition of the fire; and (4) the 
rise in water due to pressure drop does not exceed the difference in 
level, for gravity return systems, between the lowest point on the steam 
main, the heating units, or the dry return, and the boiler water line. 

All systems should be designed for a low initial pressure and a reason- 
ably small pressure drop for two reasons: firsts the present tendency in 
steam heating unmistakably points toward a constant lowering of pre^ 
sures even to those below atmospheric; second^ sl system designed in this 
manner will operate under higher pressures without difficulty.^ When a 
system designed for a relatively high initial pressure and a relativdy high 
pressure drop is operated at a lower pressure, it is likely to be noisy and 
have poor circulation. 

The total pressure drop should never exceed one-half of the initial gage 
pressure when condensate is flowing in the same direction as the steam. 
Where the condensate must flow counter to the steam, the governing 
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Table 1. Flow of Steam in Pipes 


P loss in ^essure in pounds per square inch. 

I? ** inside diameter of pipe in inches. / PdD^ 

L *= length of pipe in feet. W * 5220 ' 4 / / , , 3.6 \ ^ 

d » weight of 1 cu ft of steam. 1 V ^ “S’ 

W •= pounds of steam per hour. ^ ^ ^ 

P ■= 0.0000000367 ( 1 + ^ 


Pbbbsubi 

Lobs 

m 

OUNGBS 

CkxL. 1 

j PZFlSlKB 

ImSBKiJ. 
AfiXA OP 
Pips 

SqIncbbb 

CoLw2 

H 

Col. 3 


Hf 

B 

NoniitBl 

Aotoal 

Internal 

Diameter 



B 



0.25 

65.28 

|n| 

1.049 

0.864 

0.536 


0.187 

20 

2.240 

o.so 

92.28 


1.380 

1.496 

1.178 

gg 

0.190 

40 

1.580 

1.00 

130.5 


1.610 

2 036 

1.828 



60 


2 

184.6 

1 ^ 

2.067 

3.356 

3.710 

0.3 

0.195 

80 

1.120 

3 

226.0 



4.788 

6.109 

jgg 


100 



1.000 

4 


3 

3.068 

7.393 

11.183 


0.207 



5 

291.8 


3.548 

9.887 

16.705 

5.3 

0.223 

140 

0.841 

6 


B 

4.026 

12 730 

23.631 



160 


7 

345.3 

B 

4.506 

15.947 

32.134 

15.3 

0.270 

180 


8 

369.1 


5.047 

20.006 


20.3 

0.290 

200 


10 

412.7 

6 

6.06S 

28.886 



0.326 



12 

452.0 

■a 

7.023 

38.743 

106.278 

40.3 

0.358 

300 

0.578 

14 

488.3 

8 

7.981 


149.382 



350 

0.538 

16 

522.0 

9 

8.941 

62.786 

201.833 

60 3 

0.415 


0.500 

20 

583.6 

10 

10.020 

78.854 

272.592 

75.3 


450 

0.477 

24 

639.3 

12 

12.000 

113.098 



0.507 

500 

0.447 

28 

690.5 

14 

13.250 

137.880 

566.693 

125.3 


600 

0.407 

32 

738.2 


15.250 

182.655 

816.872 

150.3 

0.603 

700 

0.378 

40 

825.4 

Column 1X2X3X4- 
per hour that \vlll flow through 
pipe for a given condition 

b of stMm 

175.3 

0.645 

800 

0.354 

48 


a straight 

200 3 

0.(J85 

900 

0.333 

80 

QQQI 

Example 1: 1 oz drop 2 in. pipe " 

— 1.3 lb press — 100 ft equivalent leiigth: 


1000 

0.316 

160 


180.5 X 3.710 X 0 201 X 1 97.2 lb per hour 

07.2 X 4 b M 888.8 sq ft equivalent radiation 

Table 1 does not allow for entrained water in low-] 
steam, condensation in covered pipe and roughness 
merdal pipe as found in practice. 


1200 

0.289. 

320 

2334.5 1 

aressuie 
in com- 



480 

2859.1 1 

wM 




•Pounds per sQuare inch gage 2.04 in. Vacuum, Mercury Column. 

bThe factor 4 is the approximate equivalent in square feet of steam radiation of 1 lb of steam per hour. 
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factor is the velocity permissible without interfering with the condensate 
flow. A.S.H.V.E. Research Laboratory experiments limit this to the 
capacities given in Table 2 for horizontal pipes at varying grades. 

Maximiim Velocdty 

The capacity of a steam pipe in any part of a steam system depends 
upon the quantity of condensate present, the direction in which the 
condensate is flowing, and the pressure drop in the pipe. Where the 
quantity of condensate is limited and is flowing in die same direction as 
tihe steam, only the pressure drop need be considered. When the con- 
densate must flow against the steam, even in limited quantity, the ve- 
locity of the steam must not exceed limits above which the disturbance 
between the steam and the counter-flowing water may produce object- 
ionable sounds, such as water hammer, or may result in the retention of 


Table 2. Cobiparative CAPAaiY of Steam Lines at Various Pitches for Steam 
AND Condensate Flowing in Opposite Directions® 

Pitch of Pipe in Inches per 10 Ft, Velocity in Ft per Sec, 


Prrca 
OF Pipe 

Knu, 

Hin. 

1 IN. 

IH IN. 

2 IN. 

3 IN. 

4 IN. 

5 IN. 

Pipe 

Si 2 e 

Inches 

Capacity 

Max. Vel. 

Capacity 

Max. Vel. 

Capacity 

1 

Capacity 

Max Vel. 

Capacity 

Max, Vel. 

Capacity 

Max. Vel. 

Capacity 

t 

1 

Capacity 

Max. Vel. 


Capacity Expressed in Square Feet £ D R 

H 

25 0 

12 

30.3 

14 

37.3 

18 

40.4 

19 

42.5 

20 

46.1 

21 

47.5 

22 

49.3 

ipi 

1 

45.8 

12 

52.6 

15 

63.0 

17 

70.0 

20 

75.2 

22 

83.0 

23 

87.9 

25 

90.2 



104.9 

18 

117.2 

20 

133.0 

23 

144.5 

25 

154.0 

27 

165.0 

28 

172.6 

29 

178.2 

kTb 

IH 

142.6 

18 

159.0 

21 

181.0 

23 

196.5 

25 

209 3 

27 

224.0 

28 

234.8 

30 

242.6 


2 

236.0 

19 

263 5 

20 

299.5 

23 

325.5 

25 

846 5 

27 

371.6 

28 

388.4 

29 

401.1 

80 


Capacity Expressed in Pounds per Hour 

H 

6.3 

12 

7.6 

14 

9.3 

18 

10.1 

19 

10.6 

20 

11.6 

21 

11.9 

22 

12.3 


1 

11.6 

12 

18.2 

16 

15.8 

17 

17.6 

20 

18.8 

22 

20.8 

23 

22.0 

25 

22.6 



26.2 

18 

29.3 

20 

33.3 

23 

36.1 

25 

38.5 

27 

41.3 

28 

43.2 

29 

44.6 



86 7 

18 

39.8 

21 

45.8 

28 

49.1 

25 

52 3 

27 

56.0 

28 

58 7 

30 

60.7 


2 

59.0 

19 

65.9 

20 

74.9 

23 

81.4 

25 

86.6 

27 

92.4 

28 

97,1 

29 




■Data £rom American Soczbiy or Heating and Ventilating Bnginbbss Researdi Laboiatdy. 


water in certain parts of the system until the steam flow is reduced 
sufficiently to permit the water to pass. The velocity at which such 
disturbances take place is a function of (1) the pipe size, wheffier the pipe 
runs horizontally or vertically, (2) the pitch of the pipe if it runs hori- 
zontally, (3) the quantity of condensate flowing against the steam, and 
(4) fre^om of the piping from water pockets which under certain con- 
ditions act as a restriction in pipe size. 

Reamhig Important 

Three factors of uncertainty always exist in determining the capacity 
of any steam pipe. The first is variation in manufacture, which appar- 
ently cannot be avoided. The second is the care used in reaming the ends 
of the pipe after cutting. The effect of both of these factors increases as the 
pipe size decreases. According to A.S.H.V*E. Research Laboratory tests, 
either of these factors may affect the capacity of a 1-in.^ pipe as much as 
20 per cent. The third factor is the un&ormity in grading the pipe line. 
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All of the capacity tables given in this chapter include a factor of safety. 
However, the factor of safety referred to does not cover abnormal defects 
or constrictions nor does it cover pipe not properly reamed. 

Equivalent Length of Run 

All tables for the flow of steam in pipes, based on pressure drop, must 
allow for the friction offered by the pipe as well as for the additional 
resistance of the fittings and valves. These resistances generally are 
stated in terms of straight pipe; in other words, a certain fitting will 
produce a drop in pressure equiv^ent to so many feet of straight run of 


Tablb 3. Length in Feet of Pipe to be Added to Actual Length of Run — 
Owing to Fittings— to Obtain Equivalent Length 


Size of Pips 
Inches 

Length zn Feet to be Added to Run 

Standard Elbow 

Side Outlet Tee 

Gate Valve* 

Globe Valve* 



1.3 

3 

0.3 

14 

7 

K 

1.8 

4 

0.4 

18 

10 

1 

2.2 

5 

0.6 

23 

12 

iJi 

3.0 

6 

0.6 

29 

16 

m 

3.5 

7 

0.8 

34 

18 

2 

4.3 

8 

1.0 

46 

22 


6.0 

11 

1.1 

54 

27 

8 

6.5 

13 

1.4 

66 

34 


8 

15 

1.6 

80 

40 

4 

9 

18 

1.9 

92 

45 

5 

11 

22 

2.2 

112 

56 

6 

13 

27 

2.8 

136 

67 

8 

17 

35 

3.7 

180 

92 

10 

21 

1 ^ 

4.6 

230 

112 

12 

27 

53 

6.6 

270 

132 

14 

30 

1 63 

6.4 

310 

152 


^Valve in full open position. 

Example of length in 
feet of pipe to be added 
to actual length of run. 






Measuted Length 
4 in. Gate Valve 
in. Elbowft 


- 132.0 ft 

« 1.9 ft 

- 860 ft 


{Equivalent Length « 169.9 ft 




the same size of pipe. Table 3 gives the number of feet of straight pipe 
usually allowed for the more common types of fittings and valves. In all 
pipe sizing tables in this chapter the length of run refers to the equivalent 
length of run as distinguished from the actual length of pipe in feet. The 
length of run is not usually known at the outset; hence it may be necessary 
to assume some pipe size at the start. Such an assumption frequently is 
considerably in error and a more common and practical method is to 
assume the length of run and to check this assumption after the pipes are 
sized. For this purpose the length of run usually is taken as double the 
actual length of pipe. 

TABLES FOR PIPE SIZING FOR LOW PRESSURE SYSTEMS^ 

Tables 4, 5, and 6 are based on the actual inside diameters of the pipe 
and the condensation of 34 lt> (4 oz) of steam per square foot of equivalent 
direct radiation (abbreviated EDS) per hour. The drops indicated are 
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Table 4. Steam Pipe Capacities for Low Pressure Systems 

(Reference to this table will be by column letter A through L) 

This table is based on pipe size data developed through the research investiga- 
tions of the American ^ciety of Heating and Ventilating Engineers 


CAPACITIES OF STEAM MAINS AND RISERS 











1 Onb-Pipo Srsnois Only 



DnscnoN or CoNiniNBiTB Flow m Pin Lon 





Pies 

SiZB 

With the Steam in One-Hpe and Two-Pipe S^nrtems 

Aminst the Steam 
TWPipeC^ 


Radiator 

Valves 


In. 



V6psi 

Hva 

kpo 

Hpffl 



aim) 

and 

V« po 



Up- 

Verheal 

Riser 


or 

HOz 

Drop 

ot 

Drop 

or 

lOz 

Drop 

or 

20z 

Drop 

or 

40z 

Drop 

or 

SOs 

Drop 

Vertical 

Hori- 

zontal 


Con- 

neobons 

Run- 

outs 

A 

B 

C 

D 

B 

F 

G 


J* 

/b 

K 

I.4 


Capacity Expressed in Square Feet E D R 

H 



30 




30 


25 



1 

39 

46 

56 

79 

111 

157 

56 

34 

45 

28 

28 


87 

mSi 

122 

173 

245 

346 

122 

75 

98 

62 

62 


134 

155 

190 

269 


538 

190 

108 

152 

93 

93 

2 

273 

315 

386 

546 

771 

1,091 

386 

195 

288 

169 

169 

2H 

449 

518 

635 

898 

HI W 

1,800 

635 

395 

464 


260 

3 

822 

948 

1,160 

1,650 


3,290 

1,130 


800 



475 

3H 


1,420 

1,740 

2,460 

H 

4,910 

1,550 

ilBSl 

1,140 



745 

4 


mWm 

2,460 

3,480 

B 

6,950 

VMiZUm 

tlrZiM 

1,520 



1,110 

5 

KiBci 

3,710 

4,550 

6,430 

B, vli 

12,900 





2,180 

6 


6,100 

7,460 

10,550 

mZ iWi 

21,100 


.. 



* 444 

8 


12,700 

t ff? 

21,970 

31,070 







.. .. 

10 


23,100 


40,100 

56,700 









4*4 - 

12 


37,100 

IP 

64,300 

wwm 



4* 

... 

•A AiA^A 

444 * 

16 


69,700 





.... 


.... 


• . 


Capacity Expressed in Pounds per Hour 

H 



8 




8 


6 


7 

1 


12 

14 

20 

28 

40 

14 

9 

11 

7 

7 


22 

25 

31 

43 

61 

87 

31 

19 

20 

16 

16 

1^ 

34 

39 

48 

67 

95 

135 

48 

27 

38 

23 

23 

2 

68 

79 

97 

137 

193 

273 

97 

49 

72 

42 

42 

2li 

112 

130 

159 

225 

318 

449 

159 

99 

116 

• • *4 • 

65 

3 


237 

291 

411 

581 

822 

282 

175 

mSM 


119 


mm 

355 

434 

614 

869 


387 

288 

286 



186 

4 

435 

503 

614 

869 

1,230 


511 

425 

380 

••• • •• 

278 

5 

806 

928 

1,140 

1,610 

2,270 

3,210 

• •« ••• 

788 


... . 

545 

6 


1,520 

1,870 

2,640 

3,730 





. .. 

. . .. 

--*TT r 

8 


3,170 

3,880 

5,490 








... . 

10 


5,790 



■HrfAi 





.. . . 



12 





P^Jlriul 




MMI 

.. . 


16 



gjg 

jgg 





HI 


.. . 








Up- 

BSB 

Up. 

Radiator 

Run- 

outs 

Not 

Dripped 



All Horizontal Mams and Down-Feed Risers 

Feed 

dnpped 

Feed 

Con- 








Risen 

Run- 

outs 

Ruers 

neotums 


Note — ^All drops shown are in psi per KX) ft of equivalent runr— based on pipe properly reamed. 
aDo not use Column S for drops of 1/24 or 1/32 psi; substitute Column C or Column B as required. 
bDo not use Column J for drop of 1/32 psi except on sizes 3 In. and over; below Sin. substitute Column B 
eOn radiator runouts over 8 ft long mcrease one pipe size over that shown in Table 4. 














































Table 6. Return Pipe Capacities for Low Pressure Systems 
Capacity Expressed in Square Feet of Equivalent Direct Radiation 
(Reference to this table will be by column letter M through ££) 

This table is based on pipe size data developed through the research investigations of the American Society of Heating and Ventilating Engineers. 


































































Table 6. Return Pipe Capacities for Low Pressure Systems 
Capacity Expressed in Pounds per Hour 

(Reference to this table will be made by column lett^ if through BE) 

This table is based on pipe size data developed through the research investigations of the Ambrican Society of Heating and Ventilating Engineers. 
T CAPACITY OF return MAINS AND RISEttS 
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drops in pressure per 100 ft of equivalent length of run. The pipe is 
assumed to be well reamed and without unusual or noticeable defects. 

Table 4 may be used for ^ing piping for steam heating systems by 
pre-determining the allowable or desired pressure drop per 100 equivalent 
feet of run and reading from the column for that particular pressure drop. 
This applies to all steam mains on both one-pipe and two-pipe systems, 
vapor systems, and vacuum systems. Columns B to G, inclusive, are used 
where the steam and condensate flow in the same direction, while 
Colunms H and I are for cases where the steam and condensate flow in 
opposite directions, as in risers and runouts that are not dripped. Columns 
/, K, and L are for one-pipe systems and cover riser, radiator valve and 
vertical connection sizes, and radiator and runout sizes, all of which are 
based on the critical velocities of the steam to permit the counter flow of 
condensate without noise. 

Return piping may be sized with the aid of Tables 5 and 6 where pipe 
capacities for wet, dry, and vacuum return lines are shown for the pres- 
sure drops per 100 ft corresponding to the drops in Table 4. It is cus- 
tomary to use the same pressure drop on both the steam and return sides of 
a system. 


Example 2, What pressure drop should be used for the steam piping of a system if 
the measured length of the longest run is 500 ft and the initial pressure is not to be over 
2-psi gage? 

Solution. It will be assumed, if the measured length of the longest run is 500 ft, that 
when the allowance for fittings is added the equivalent length of run will not exceed 
1,000 ft. Then, with the pressure drop not over one half of the initial pressure, the drop 
could be 1 psi or less. With a pressure drop of 1 psi and a length of run of 1,000 ft, the 
drop per 100 ft would be Ho psi, while if the total drop were % psi, the drop per 100 ft 
would be Ho psi. In the first mstance the pipe could be sized according to Column D for 
He psl 1(^ ft, and in the second case, me pipe could be sized accordin|r to Column C 
for psi. On completion of the sizing, the drop could be checked by taking the longest 
line and actually calculating the eouivalent length of run from the pipe sizes determined. 
If the calculated drop is less than tnat assumed, the pipe size is all right; if it is more, it is 
pobable that there are an unusual number of fittings involved, and either the lines must 
be straightened or the column for the next lower drop must be used and the lines resized. 
Ordinarily resizing will be unnecessary. 


PIPE SIZING FOR INDIRECT HEATING UNITS 

Pipe connections and mains for indirect heating units are sized in a 
manner similar to radiators, but the equivalent direct radiation must be 
ascertained for each row of heating unit stacks and then must be divided 
into the number of stacks constituting that row and into the number of 
connections to each stack. 


where 

EDR 

Q 

k 

h 

60 

55.2 

240 


POT? « Q X 60 X ft - fe) ^ Q X (ti-k) 
55.2 X 240 220.8 


( 1 ) 


equivalent direct radiation, square feet, 
volume of air, cubic feet per minute. 

the temperature of the air entering the row of heating units under con- 
sideration, Fahrenheit d^ees. 

the temperature of the air leaving the row of heating units under considera- 
tion, Faihrenheit degrees. 

the number of minutes in one hour. 

the number of cubic feet of air heated 1 Fahrenheit degree by 1 Btu. 

Btu equivalent of 1 sq ft of EDR. 
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Example 5. Assume that a 3-row heating unit shown in this chapter in 38 is 
handling 30,000 cfm of air and that the rise in the first row is from 0 to 40 in the 
second row from 40 to 65 F, and in the third row from 65 to 80 F. What is the load 
in £DR on each supply and return connection? 


SoluHon. For row 1, 

„ _ 50,000 X (40 - 0) 

220.8 

For row 2, 

„ _ 50,000 X (65 - 40) 

^ 220.8 


9058 sq ft. 


5661 sq ft. 


For row 3, 


R 


50,000 X (80 - 65) 

220.8 


3397 sq ft. 


Each row of heating units consists of four stacks and each stack has two connections 
so that the load on ea& stack and each connection of the stack is as follows: 


Row 

TotilLqid 

(EDH) 

SrACcLoADft 

(£DB) 

ComiBcnoN Loiob 
(EDK) 

1 

9058 

2265 

2265 or 1132 

2 

5661 

1415 

1415 or 708 

3 

3397 

849 

849 or 425 


*One qnartar of total row load. 

K>ne half of itack load If two steam connectioxis are made; otherwise, same as stack load. 


The pipe sizes would then be based on the length of the run and the pressure drop 
desired, as in the case of radiators. It generally is considered dedrable to place the in- 
direct heating units on a separate system and not on supply or return lines connected to 
the general heating system. 

Most manufacturers of heating coils now publish condensing capacities of their coils 
for all common operating conditions in poimas of steam per hour per square foot of face 
area (or free area for some designs). These rates may be used in connection with Tables 
4 and 6 to size the piping. 

GRAVITY ONE-PBPE AIR-VENT SYSTEM 

This S 3 ^tem is the most common of all methods of steam heating, 
especially for small size installations, due largely to its low cost and 
simplicity. 

The downward pitch of a one-pipe air-vent system is indicated in Fig. 2. 
Low points and ends of steam mains pitched down from Ae boiler 
should be dripped. All drips should be sealed below water line before 
connecting together. In the risers and radiator connections, steam and 
condensate flow in opposite directions- In long steam mains it flows in 
the same direction as the steam and is remov^ from the main through 
the drip. Short mains may be arranged for the condrasate to flow in a 
direction opposite the steam by sizing them so the critical velocity is not 
exceeded. It is customary to drip the heel of each riser in buildings of 
several stories to avoid counter-flow of the steam and condensate in the 
riser nmout. In buildings of one or two stories the condensate is returned 
to the steam main instead of being dripped. Both tj^pes of risers are 
shown in Fig. 2, and riser connections are shown in Figs. 3 and 4. A 
t 3 ^ical overhead down-feed system is illustrated in Fig. 5. While wet 
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return mains need not be pitched toward the boiler to maintain steam 
circulation, they should be pitdied for drainage. 

To improve steam circulation in one-pipe systems quick vent air valves 
should be provided at the ends and at intermediate points where Ae 
steam main is brought to a higher devation. It is desirable to install the 
air-vent valves about a foot ahead of the drips, as indicated in Fig. 2, 
to prevent possible damage to their mechanisms by water. 

The radiator valves may be the angle-globe, offset-comer pattern or 
gate t3T)e. Straight-globe and straight-comer types should not be used 
since Ihe raised valve seat would interfere with tihe flow of condensate 
through the vdve. Graduated valves cannot be used since the steam 
valves on this system must be fulljr open or fully closed to prevent the 
radiators Ailing with water and creating a dangerous water line condition. 



With a one-pipe system the heat cannot be modulated at the radiator, 
the steam bdng either ail on or all off. Systems and devices are available 
which make it possible to obtain a partial modulating effect from one-pipe 
heating s}^tems. 

It is important to keep the lowest points of the steam mains and heating 
units sufficiently above the water line of the boiler to prevent flooding. 
The minimum water line difference depends on the initid steam pressure 
and piping pressure drop plus a safety factor for heating up. 

Referring to Fig. 6 it will be noted that the boiler and wet return form 
a U-shaped container, with the boiler steam pressure on the top of the 
water at one end and the steam main pressure on the top of the water at 
the other end. The difference between these two pressures is the pressure 
drop in the system, i.e., the friction and resistance to the flow of steam in 
passing from the boiler to the far end of the main and the pressure re- 
duction in consequence of the condensation occurring in the system. 
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The water in the far end will rise suf&dently to overcome this difference 
in order to balance the pressures, and it will rise far enough to produce a 
flow through the return pipe and overcome the resistance of check valves 
if installed. 

If a one-pipe steam system is designed, for example, for a total pressure 
drop of psi> and utilizes a Hartford return connection instead of a 
check valve on the return, the rise in the water level at the far end of the 
return due to the difference in steam pressure would be of 28 in. (28 in. 



Fig. 3. Typical Steam Runout where 
Risers are Not Dripped 



Fig. 4. Typical Steam Runout where 
Risers are Dripped 



head being equal to one pound per square inch), or in. Adding 3 in, to 
overcome the resistance of the return main and 6 in. as a factor of safety 
for heating up gives 12 in. as the distance the bottom of the lowest 
part of the steam main and all heating units must be above the boiler 
water line. The same system, however, installed and sized for a total 
pressure drop of psi, and with a check in the return, would require 
of 28 in., or 14 in. for the difference in steam pressure, 3 in. for the 
flow through the return, 4 in. to operate the check, and 6 in. for a factor 
of safety, making a totel of 27 in. as the required distance. Higher 
pressure drops would increase the distance accordingly. 
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Gravity one-pipe air-vent systems in which the equivalent length of run 
does not exceed 200 ft should be sized by means of Tables 4, 6 and 6 
as follows: 

1. For the steam main and dripped runouts to risers where the steam and condensate 
flow in the same direction, use Hs'Psi drop (Column JD). 

2. Where the riser runouts are not dripped and the steam and condensate flow in 
TOposite directions, and also in the radiator runouts where the same condition occurs, use 
Column L. 

3. Forup-feed steam risers carrying condensate back from the radiators, use Column 7. 

4. For down-feed systems the main risers of which do not carry any radiator con- 
densate use Column H. 

5. For the radiator valve sire and the stub connection, use Colunm K, 

6. For the dry return main, use Colunm U, 

7. For the wet return main use Colunm T. 

On systems exceeding an equivalent length of 200 ft, it is suggested that 
the total drop be not over psi. The return piping sizes should corres- 


Boiler steam pressure 


steam pressure at 
end of main 

,1 Return water 

•Water line of bollef.^^^-FH^ line 


: — rii: ^Iwel-* J/Vet return 


RIseMwattr 
One difference 


Fig. 6. Differsncb in Steam Prbssurb on Watbe in Boiler 
AND AT End of Steam Main 


pond with the drop used on the steam side of the system. Thus, where 
^ 4 -psi drop is being used, the steam main and dripped runouts would be 
sized from Column C; radiator runouts and undripped riser runouts from 
Column L; up-feed risers from Colunm 7; the main riser on a down-feed 
system from Column C (it will be noted that if Column H is used the 
drop would exceed the limit of Ka psi); the dry return from Column R\ 
and the wet return from Column Q. 

With a M 2 -psi drop the sizing would be the ssune as for He psi except 
that the steam main and dripped runouts would be sized from Column B, 
the main riser on a down-feed system from Column B, the dry return from 
(Column 0, and the wet return from Colunm N. 

Notes on Gravity One-Pipe Air-Vent Systems 

1. Pitch of mains should not be less than H ^ 10 ft. 

2. Pitch of horizontal runouts to risers and radiators should not be less than H 1^,* 

foot. Where this pitch cannot be obtained runouts over 8 ft in length should be one 

size larger than callea for in the table. 

3. In general, it is not desirable to have a main less than 2 in. The diameter of the 
far end of the supply main should not be less than half its diameter at its largest part. 

4. Supply mains, runouts to risers, or risers, should be dripped where necessary. 

5. Where supply mains are decreased in size they should be dripped, or be provided 
widi eccentric couplings, flush on bottom. 

Example 4- Size the one-pipe gravity steam S3^tem shown in Fig. 7 assuming that 
this is all there is to the system or that me riser and main shown involve the longest run 
on the system. 

Solution. The total length of run actually shown is 215 ft. If the equivalent length 
of run is taken at double this, it will amount to 430 ft, and with a total drop of H 
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Table 7. Pipe Sizes for One-Pipe Up-Feed System Shown 
IN Fig. 7 


PlBT or Ststdi 

SlCTU»f 
or Pm 

RimTzoN 

SumjDDD 

EDR 

8a Fr 

Tbbobxticull 
P in snsB 
(iKcan) 

Pa&cizcaL 
Pm SOB 
(Inohis) 

Branches to radiators.. 


100 

2 

2 

Branches to radiators.. 


50 

m 

m 

Riser 

atob 

200 

2 

2 

Riser 

btoc 

300 


2H 

Riser 

ctod 

400 



Risftr . 

dtoe 

500 

3 

8 

Riser. _ _ 

etof 

600 

8 

3 

Runout to riser 

- j 

Jtog 

600 

3M 


Supply main — 

gtoh 

600 

8 

3 

Branch to supply main 

ntoj 

600 

2H 

3 

Dry return main 

ftok 

600 

IH 

2 

Wet return main 

ktom 

600 

1 

2 

Wet return main 

mton 

600 

1 

2 

Wet return main 

ntop 

600 

1 

2 


C»L!jJZl4.a 




Fig. 7. Riser, Supply 
Maim and Return Main 
OF Onk-Pipe System $e2iSK 



the drop per 100 ft will be slj^htlv less than psi. It would be well in this case to use 
psi> and this would result m the theoretical sizes indicated in Table 7. These theo* 
retied sizes, however, should be modified by not using a wet return less than 2 in. while 
the main supply, |-h, if from the uptake of a boiler, should be made the full size of the 
main, or 3 in. Also the portion of the main h-m should be made 2 in. if the wet return 
is made 2 in. 


ON&PIPE VAPOR SYSTEM 

The one-pipe vapor system operates under pressures at or near atmos- 
pheric and returns its condensate to the boiler by gravity. In this 



Fig. 8. Tyhcal Up-Feed System with Automatic Return Trap* 

*Prop«r Imping connections are essential vith special appliances for pressnre eonalizlng and air diminatlon* 
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system the automatic air valves are of special design to permit the ready 
release of air and prevent its ready return after it is expelled. The steam 
radiator valves are a type whidh, when opened, give a free and unob- 
structed passe^eway for water. The piping is the same as for the one-pipe 
gravity system but sized so as to permit operation at a few ounces 
pressure. 


TWO-PIPE VAPOB SYSTEM 

A two-pipe up-feed vapor syrstem using separate supply and return 
pipes is shown in Fig. 8. The radiators ^scharge their condensate 
through thermostatic traps to the dry return pipe. These systems operate 
at a few oimces pressure and above, but those with mechamcal condensate 
return devices may operate at pressures upward of 10 psi. The simplest 


Non Relurn 



method of venting the system consists of a ^-in. pipe with a check valve 
opening outward. Most systems employ various forms of vent valves, 
design^ to allow the air to readily pass out of the system and to prevent 
its return. These systems permit control of the heat in the radiator by 
varying lie opening of the graduated radiator valves. The boiler pressure 
is maintained at substantially constant pressure slightly above atmos- 
pheric pressure. 

These systems may be classified as (1) closed systems, consisting of those 
which have a device to prevent the return of air after it has once been 
expelled from the system, and which can operate at both super and sub- 
atmospheric pressures for a period of four to eight hours depending upon 
the tightness of the system and rate of firing, and (2) open systems, com- 
prising those which have the return line constantly open to the atmos- 
phere without a check or other means to prevent the return of air. The 
open systems are not so popular because they have the dis^yantage of 
not holding heat when the rate of steam generation is diminishing. 

Closed systems should preferably be equipped with an automatic return 
trap to prevent water from backing out of the boiler. _ In installing the 
return trap a check valve is inserted in the return main at a point near 
the boiler and a vertical pipe is run up into the bottom of the return trap. 
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which is usually located with the bottom about 18 in. above the boiler 
water line. Some traps are constructed so that they will operate when 
they are installed with their bottom as dose as 8 in. above the boiler water 
line. On the other side of this connection a second dbeck valve is installed 
in the main return just before it enters the boiler. Fig. 9 shows a typical 
connection for an automatic return trap. 

Down-Feed Two-Pipe Vi^>or Srstmn 

In the down-feed two-pipe vapor system the steam is carried to the top 
of the building, the top of the verticd riser constituting the high prant of 
the ^tem, and the horizontal supply main is slopra down from tiiis 
location to the far ends of each branch. The runouts are taken ofi the 
main from the bottom or at a 45-deg angle downward, and sloped toward 
the drops. Thus each runout from the main forms a drip and no accu- 
mulation of water is carried down any one drop. 



Fig. 10. Detail op Drip Connections at 
Bottom op Down-Feed Steam Drop 


The steam drops are carried down through the building with suitable 
reductions^ as the various radiator connections are taken off until the 
lowest radiator runout js reached. If the drop is only two or three stories 
high, the portion feeding the bottom radiator should be increased one 
pipe size to provide for draining the riser, and if the drop is over three 
stories high it is well to increase the portion feeding the two lowest radi- 
ators one or two pipe rizes, especially if the two lowest radiators are small 
and the normal size of drop required is 1 in. or less. The bottom of eadi 
steam drop should terminate with a dirt pocket and be dripped as shown 
in Fig. 10. The returns on a down-feed vapor system are the same as on 
an up-feed ^stem. The runouts to the radiators and the radiator con- 
nections of me down-feed system are the same as those for the up-feed 
system already described. 

While many manufacturers of patented vapor heating accessories have 
own sch^ules for pipe sizing, an inspection of Aese rizing tables 
indicates that in general as small a drop as possible is recommended. The 
reasons for this are: (1) to have the condensate return to the boiler by 
gravity, (2) to ob^n a moie u^orm distribution of steam throughout 
the system, especially when it is desirable to carry a moderate or low 
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fire, and (3) because with large variations in pressure the value of gradu- 
ated valves on radiators is destroyed. 

For small vapor systems where the equivalent length of run does not 
exceed 200 ft, it is recommended that the main and any runouts to risers 
that may be dripped should be sized from Column D, Table 4, while riser 
runouts not dripped and radiator runouts should employ Column I. The 
up-feed steam risers should be taken from Column H. On the returns, 
the risers should be sized from Tables 5 and 6, Column U, (lower portion) 
and the mains from Column U (upper portion). It should again be 
noted that the pressure drop in the steam side of the system is kept the 
same as on the return side except where the flow in the riser is concerned. 



On a down-feed system the main vertical riser should be sized from 
Column jff, but the down-feed risers c^ be taken from Column D al- 
though it so happens that the values in Columns D and H for small 
sj^tems correspond. This will not hold true in larger systems. 

For vapor s>^tems over 200 ft of equivalent length, the drop should not 
exceed psi to ^ psi, if possible. Thus, for a 400 ft equivalent run the 
drop per 100 ft should be not over ^ psi divided by 4, or psi. In this 
case the steam mains would be sized from Column B, the radiator and 
undripped riser runouts from Column I; the risers from Column B, 
because Column H gives a drop in excess of psi. On a down-feed 
system, Column B would have to be used for both the main riser and the 
smaller risers feeding the radiators in order not to increase the drop over 
psi. The return risers would be sized from the lower portion of Column 
0 and the dry return main from the upper portion of the same column, 
while any wet returns would be sized from Column N. The same pressure 
drop is applied on both the steam and the return sides of the system. 
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Notes on Vapor SYstems 

1. Pitch of mains should not be less than Hm^mlO ft. 

2. Pitch of horizontal nmouts to risers and radiators should not be less than H in. 
pjer foot. Where this pitch cannot be obtained runouts over 8 ft in length should be one 
size larger than calleci for in the table. 

3. In general it is not desirable to have a supply main smaller than 2 in. 

4. When necesss^, supply main, supply risers, or runouts to supply risers should be 
dripped sepamtely into a wet return, or may be connected into the dry return through 
a thermostatic drip trap. 

VACUUM SYSTEMS 

In the vacuum system, a vacuum is maintained in the return line 
practically at all times. The pump is usually controlled by a vacuum 
regulator which operates the pump to maintain the vacuum within limits 
and operates in response to a pressure difference between the atmosphere 
and the return to control the vacuum in the return main. The source of 
steam supply may be a low pressure boiler as shown in Fig. 11, or a high 
pressure line through a pressure reducing valve. The piping and other 
details are the same as for the vapor systems. 

The return risers are connected in the basement into a common return 
main which slopes downward toward the vacuum pump. The vacuum 
pump withdraws the air and water from the system, separates the air 
from the water and expels it to atmosphere and pumps the water back to 
the boiler, or other receiver, which may be a feed-water heater or hot 
well. It is essential that no connection be made from the supply side to 
the return side at any point except through a trap. The desirable practice 
demands a return flowing to the vacuum pump by an uninterrupted down- 
ward slope. In some instances local conditions make it necessary to drop 
the return below the level of the vacuum pump inlet, before the pump can 
be readbied. In such an event one of the advances of the vacuum 
system is the ability to raise the condensate to a considerable height by the 
suction of the vacuum pump by means of a lift connection or fitting 
inserted in the return. The height the condensate can be raised depends 
on the amount of vacuum maintained. It is preferable to limit lift con- 
nections to a single lift at the vacuum pump. A still more preferable 
arrangement is the use of an accumulator tank, or receiver tank, with a 
float control for the pump, at the low point of the return main located 
adjacent to the vacuum pump. 

When the vertical lift is considerable, several lift fittings should be used 
in steps as shown in Fig, 12. This permits a given lift to be secured with a 
somewhat lower vacuum than where the vertical distance is served by a 
single lift. Where several lifts are present in a given system at different 
locations, the lifting cannot occur until the entire system is filled with 
steam. A lift connection for location dose to the pump, where the size 
may be above the commerdal stock sizes, is shown in Fig. 13. It is 
desirable that means be provided for manually draining the low point of 
the lift fittings to eliminate danger of freezing. 

Down-Feed Vacuum System 

The piping arrangement for the down-feed vacuum system is similar 
on the supply side to the down-feed vapor system in that it has similar 
runouts, radiator valves, drips on the bottom of the steam drops, and 
enlargement of the drops for the lower radiator connections. The return 
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side of the ^stem is exactly the same as the up-feed system except that 
the steam riser drips at the bottom are connected into the return line 
through thermostatic traps. It is preferable to take the runouts for the 
risers from the bottom or at a 46-deg angle down from the steam main 
so that they may serve as steam main drips. When this is done it is 
practical to rxm the steam main level, if a runout is located at every change 
in pipe size, or if eccentric fittings are used (Fig. 14). A slight pitch in 
steam main, however, should be used when possible. An overhead 
vacuum down-feed system is shown diagrammatically in Fig. 15. 

Vacuum, atmospheric, sub-atmospheric and orifice systems are usually 
employed in large installations and have total drops varying from 34 to 
psi. Systems where the maximum equivalent length does not exceed 
200 ft preferably employ the smaller pressure drop, while systems over 
200 ft equivalent length of run more frequently are designed for the higher 
drop, owing to the relatively greater saving in pipe sizes. For example, a 
system with 1200 ft longest equivalent len^ of run would employ a drop 
per 100 ft of yi psi divided by 12, or ^4 psi. In this case, the steam main 
would be sized from Column C, Table 4, and the risers also from Column 



Fig. 12. Method of Making Lifts 
ON Vacuum Systems when Distance 
IS Over 5 ft 



Fig. is. Detail of Main Return 
Lift at Vacuum Pump 


BCX£NTR)C OEDOCIMG 
. JCOUPUNQ. 


Fig. 14. Method of Changing Size of Steam Main when Runouts 
ARE Taken from Top 


C (Column H could be used as far as critic^ velocity is conc^ned but the 
drop would exceed the limit of M 4 psi). Riser runouts, if dripped, would 
use Column C but if undripped would use Column /; radiator runouts, 
Column I; return risers, lower part of Column 5, Tables 5 and 6; rqtum 
runouts to radiators, one pipe size larger than the radiator trap con- 
nections. 

Notes on Vacuum Systems 

1. It is not generally considered good practice to escceed H psl drop per 100 ft of 
equivalent run nor to exceed 1 psi totd pressure drop in any system. 

2. Pitch of mains should not be less than in. in 10 ft. 
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3. Pitch of horizontal runouts to risers and radiators should not be less than in. 
per foot. Where this pitch cannot be obtained runouts over 8 ft in length should be one 
size larger than called for in the table. 

4. In general it is not considered desirable to have a supply main smaller than 2 in. 

5. When necessary, the supply main, supply riser, or runout to a supply riser should 
be dripped separately through a trap into Ime vacuum return. A connection should not 
be made between the steam and retup sides of a v^uum system vdthout interposing a 
trap to prevent the steam from entering the return line. 

6. Lifts should be avoided if possible, but when they cannot be eliminated they 
^ould be made in the manner described in this chapter. 

7. No lifts can be used in orifice and atmospheric systems. In sub-atmospheric 
systems the lift must be at the vacuum pump. 

SUB-ATMOSPHEBIC SYSTEMS 

Sub-atmospheric systems are similar to vacuum systems but, in con- 
trast, provide control of building temperature by variation of the heat 



output from the radiators. The radiator heat emission is controlled by 
varying the pressure, temperature and specific volume of steeim in circu- 
lation. These systems differ from the ordinary vacuum system in that 
they maintain a controllable partial vacuum on both the supply and 
return sides of the system, instead of only on the return side. In the 
vacuum system, steam pressure above that of the atoosphere exists in 
the supply mains and radiators practically at^ all tim^. ^ In the sub- 
atmospheric system, atmospheric pressure or higher exists in the steam 
supply piping and radiators only during severe weather. Under average 
winter temperature the steam is under partial vacuum which in n^d 
weather may reach as high as 25 in. Hg, after which further reduction 
in heat output is obtained by restricting the quantity of steam. 
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The rate of steam supply is controlled by a valve in the steam main or 
by thermostatically controlling the rate of steam production in the boiler. 
The control valve may be of the automatic modidating or floating type 
governed thermostatic^ly from selected control points in the building, or 
it may be a special pressure reducing valve which will maintain the 
desired sub-atmospheric pressures by continuous flow into the heating 
main. All radiator supply valves have incorporated adjustable orifices 
or are equipped with regulating orifice plates. The sizes of orifices used 
are larger than for other types of orifice systems because for equal radiator 
sizes the volume flowing is larger. These orifices are omitted on some 
systems, depending upon the type of control. Radiator traps and drips 
are designed to operate at any pressure from 15 lb gage to 26 in. Hg. A 
vacuum pump capable of operating at high vacuum is preferable to 
promote accuracy in the distribution of steam throughout the system, 
particularly in mild weather. This vacuum is partially self-induced by 
the condensation of the steam in the system under conditions of restricted 
supply for reduction of the radiator heat emission. 

The returns must grade downward constantly and uninterruptedly from 
the radiator return outlets to the inlet of the receiver of the vacuum pump. 
One radical difference between this and the ordinary vacuum system is 
that no lifts should be made in the return line, except at the vacuum 
pump. The receivers eire placed at a lower level than the pump and 
equipped with float control so that the pump may operate as a return 
pump under night conditions. The system may be operated in the same 
manner as the ordinary vacuum system when desired. 

Steam for heating domestic hot water should be taken from the boiler 
header back of the control valve so that pressures sufficiently high for 
heating the water may be maintained on the heater. The sub-atmos- 
pheric method of heating can be used for the heating coils of ventilating 
and air conditioning systems. The flexible control of heat output secured 
by this method materidly reduces the required size of by-pass around the 
heaters. Some applications of sub-atmospheric systems are proprietary. 


OBDFTCE SYSTEMS 

Orifice steam heating systems may have piping arrangements identical 
widi vacuum systems. Some of these omit the radiator thermostatic 
traps but use thermostatic or combination float and thermostatic traps 
oil all drip points. A return condensate pump with receiver vented to 
atmosphere, a return line vacuum pump, or a return trap, is generally 
used to return the condensate to the boiler or place of similar disposition, 
such as a feed-water heater or hot well. The heat emission from the 
radiators is controlled by varying the pressure differential maintained. 

The principle on which these systems operate is based on the fact that 
the steam flow through an orifice will vary when the ratio of the absolute 
pressures on the two sides of the orifice exceeds 58 per cent. If the abso- 
lute pressure on the outlet side is less than 58 per cent of the absolute 
pressure on the inlet side, no further increase in flow will be obtained as a 
result of the increased pressure difference. If an orifice is so designed in 
size as to exactly fill a radiator with 2 psi gage on one side and psi gage 
on the other, the absolute pressure relation is; 

14.7 + 0.25 n nn An 
l4 “ 7 ^2 ~0 " ” 


